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1  INTRODUCTION 


Cook  Inlet  is  a  350-km-long  estuary  located  in 
south-central  Alaska.  Approximately  half  the 
population  of  Alaska  resides  near  its  shores. 
Anchorage,  situated  near  its  northern  end,  is  the  state’s 
largest  city  and  a  major  center  for  commerce,  indus¬ 
try,  recreation,  and  transportation.  Shipping  routes  in 
Cook  Inlet  serve  year-round  oil  and  natural  gas  prod¬ 
uction  in  central  Cook  Inlet  and  the  import  of  con¬ 
sumer  goods  and  petroleum  products  to  the  Port  of 
Anchorage.  The  Port  serves  80%  of  Alaska’s  pop¬ 
ulation  and  its  four  largest  military  bases. 

The  marine  ice  environment  of  Cook  Inlet  is  unique. 
Tidal  height  variations  at  Anchorage  are  the  second 
most  extreme  in  the  world.  At  9  m,  they  are  exceeded 
only  by  those  that  occur  in  eastern  Canada’s  Bay  of 
Fundy.  The  extreme  tidal  range  and  the  generally  shal¬ 
low  nature  of  Cook  Inlet  produce  extreme  tidal  cur¬ 
rents  as  well.  Tidal  currents  at  maximum  flow  are  typi¬ 
cally  4  knots  and  have  been  reported  to  be  as  high  as  8 
knots.  These  bathymetric  and  oceanographic  factors, 
in  combination  with  the  winter  climate,  result  in  the 
production  of  large  quantities  of  marine  ice  in  Cook 
Inlet  that  can  impact  human  activities  for  substantial 
periods  each  year. 

A  report  by  Gatto,  published  in  1976,  was  the  most 
comprehensive  information  publicly  available  up  to 
that  time  on  the  oceanography  of  Cook  Inlet.  A  sec¬ 
tion  of  that  report  was  devoted  to  the  Inlet’s  sea  ice 
environment.  However,  it  wasn’t  until  1983,  when  the 
Alaska  Marine  Ice  Atlas  (LaBelle  et  al.)  appeared,  that 
a  time  series  of  maps  became  available  that  depicted 


the  sea  ice  extent  and  character  for  Cook  Inlet  in  par¬ 
ticular.  The  maps  were  based  on  a  large  array  of  pub¬ 
lished  and  unpublished  sources  and  the  several  inter¬ 
mittent  ice  maps  that  had  been  issued  by  the 
National  Weather  Service  (NWS).  Shortly  thereafter 
the  NWS  began  to  regularly  issue  Cook  Inlet  ice 
charts  showing  the  current  conditions  as  an  aid 
to  navigation  and  fishing  activities.  As  of  April  1999, 
approximately  675  such  charts  had  been  archived  and 
are  now  available  for  analysis.  One  purpose  of  this 
publication  is  to  present  an  updated  time  series 
of  the  mean  and  extreme  sea  ice  conditions  that  we 
derived  from  these  charts.  In  addition,  this  report  is  a 
compilation  of  previously  published  and  unpublished 
information  on  the  severity  of  winter  conditions  that 
prevail  in  a  region  important  for  the  nation’s  commer¬ 
cial  activities.  The  information  contained  here  is  in¬ 
tended  to  aid  engineers,  ship  owners,  port  and  gov¬ 
ernment  officials,  planning  agencies,  and  mariners  in 
ship  design  and  modification  criteria;  in  planning 
safe  and  efficient  navigation  in  Cook  Inlet;  and  in  re¬ 
gional  development  decision-making  and  contingency 
planning. 

Section  2  of  this  atlas  provides  a  physical  descrip¬ 
tion  of  Cook  Inlet  and  the  surrounding  region.  Sec¬ 
tion  3  describes  the  Inlet’s  marine  ice  environment. 
Section  4  contains  the  maps  of  Cook  Inlet  ice  cover 
that  we  created  from  a  quantitative  analysis  of  the 
NWS  ice  charts.  Sections  5  and  6  describe  the  oceano¬ 
graphic  and  climatic  factors,  respectively,  that  con¬ 
tribute  to  the  ice  regime  of  Cook  Inlet. 


2  COOK  INLET  PHYSICAL 
DESCRIPTION 


2.1  Regional  geography 

Cook  Inlet  is  oriented  southwest-northeast  and  cen¬ 
tered  at  approximately  60°N  latitude  and  152°W  lon¬ 
gitude  (Fig.  1).  The  land  surrounding  Cook  Inlet  con¬ 
sists  of  vast  tidal  marshlands,  rising  up  to  piedmont 
lowlands  with  many  lakes  and  ponds,  to  rugged  gla¬ 
cially  carved  mountains.  Estuarine  tidal  marshes  are 
prevalent  at  the  mouths  of  the  rivers  and  as  large  por¬ 
tions  of  the  bays  about  the  Inlet.  The  Kenai  Peninsula 
encloses  Cook  Inlet  to  the  southeast.  Here,  the  Kenai 
Lowlands,  immediately  adjacent  to  the  Inlet,  is  an  area 
of  flat  marshland,  lakes,  and  bogs  that  gradually  rises 
up  to  rolling  piedmont  foothills.  These  lowlands  and 
foothills  extend  over  a  distance  of  50-65  km  eastward 
to  the  Kenai  Mountains,  which  rise  to  approximately 
1,500  m  (5,000  ft)  above  sea  level  (asl). 

Immediately  east  of  the  state’s  largest  city,  Anchor¬ 
age,  are  the  Chugach  Mountains,  which  rise  abruptly 
to  around  2,150  m  (7,000  ft)  asl.  The  climate  of  the 
Chugach  Range  is  strongly  influenced  by  its  close 
proximity  to  the  Gulf  of  Alaska.  The  cold,  polar  air 
masses  that  sweep  down  across  Alaska’s  interior  and 
collide  with  the  Gulf’s  warmer,  moisture-laden  air  pro¬ 
duce  over  15  m  of  snowfall  annually. 

The  Talkeetna  Range,  northeast  of  the  Inlet,  is  sepa¬ 
rated  from  the  Chugach  Mountains  to  the  south  by  the 
Matanuska  River  valley  and  from  the  Alaska  Range 
to  the  north  by  the  Susitna  River.  The  Talkeetnas  reach 
2,150  m  (7,000  ft)  in  elevation.  The  Alaska  Range  con¬ 
tains  several  of  the  highest  peaks  in  North  America, 
including  Denali  (or  Mt.  McKinley  -  6, 194  m  [20,320 
ft])  and  Mt.  Foraker  (5,304  m  [17,400  ft]).  However, 
aside  from  the  several  giants  (fewer  than  20  peaks  in 
the  range  are  taller  than  3,000  m),  these  mountains 
are  generally  2,150-2,750  m  (7,000-9,000  ft)  high. 

Curving  around  to  the  northwest  of  the  Inlet,  the 


Alaska  Range  blends  almost  imperceptibly  with  the 
Aleutian  Range,  which  continues  along  the  Lower 
Inlet’s  western  edge,  with  summits  averaging  1,525 
m  (5,000  ft)  in  elevation.  However,  many  of  the  Aleu¬ 
tian  Mountains  are  much  taller  and  are  active  volca¬ 
noes.  Of  these,  and  within  sight  of  Cook  Inlet,  are 
Mounts  Spurr  (3,374  m  [11,070  ft]),  Redoubt  (3,108 
m  [10,197  ft]),  Iliamna  (3,053  m  [10,016  ft]),  and 
Douglas  (2,153  m  [7,064  ft]).  Mount  Augustine  is  a 
4,025-m  [13,205-ft]  volcano  that  rises  abruptly  out  of 
the  waters  of  the  Lower  Inlet  as  Augustine  Island. 

Extending  north  from  Cook  Inlet  and  enclosed  by 
the  Talkeetna  and  Alaska  Ranges  are  the  Susitna  Low¬ 
lands.  They  are  a  poorly  drained,  glaciated  basin,  ap¬ 
proximately  145  km  long  and  130  km  wide,  that  is 
characterized  by  its  extensive  ground  moraine, 
outwash  plains,  drumlin  fields,  eskers,  kettles,  and 
swampland. 

2.2  Cook  Inlet’s  Head  region 

Cook  Inlet  can  be  described  as  three  distinct  re¬ 
gions  (the  Head,  the  Upper  Inlet,  and  the  Lower  Inlet) 
(Nelson  1995).  The  Head,  or  northernmost  end  of  the 
Inlet,  is  composed  of  two  long  and  narrow  bays  known 
as  Knik  and  Tumagain  Arms  (Fig.  2).  Knik  Arm  ex¬ 
tends  inland  approximately  50  km  to  the  confluence 
of  the  Knik  and  Matanuska  Rivers  from  a  line  con¬ 
necting  Points  Woronzof  and  MacKenzie.  It  ranges 
from  2  to  10  km  wide  over  its  length.  The  upper  two 
thirds  is  almost  entirely  exposed  mudflats  during  low 
tide.  The  Port  of  Anchorage  is  located  at  the  mouth  of 
Ship  Creek  on  the  southeast  shore  of  Knik  Arm,  ap¬ 
proximately  7  km  northeast  of  Point  Woronzof  and 
280  km  from  the  Gulf  of  Alaska.  Anchorage  (with  a 
population  estimated  at  255,000  in  1998)  is  nearly 
eight  times  larger  than  the  state’s  second  largest  city 
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Figure  1.  Cook  Inlet  and  relief  map  of  surrounding  region. 
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Figure  3.  Young,  gray,  and  gray-white  ice,  some  floes  white  with  snow  cover,  moving 
with  the  tide  past  the  Port  of  Anchorage  in  Lower  Knik  Arm.  (Photo  by  Orson  Smith.) 
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of  Fairbanks  (USCB  1999).  The  port  has  one 
deep-draft  wharf  with  berthing  space  for  three  ves¬ 
sels,  a  petroleum  terminal  dock,  several  dock¬ 
ing  wharves  for  barges,  and  a  small-boat  marina 
(Fig.  3). 

Tumagain  Arm  extends  approximately  75  km  east¬ 
ward  from  a  line  between  Point  Campbell  and  Point 
Possession  to  the  railroad  depot  at  Portage  and  varies 
from  2  to  26  km  in  width.  It,  too,  exhibits  extensive 
tidal  mud  flats  during  low  water.  Fire  Island  is  located 
at  the  dividing  point  of  Knik  and  Turnagain  Arms,  5 
km  west  of  Point  Campbell. 

2.3  Upper  Cook  Inlet 

Upper  Cook  Inlet,  approximately  95  km  long,  lies 
between  Point  Campbell  and  the  East  and  West 
Forelands  (Fig.  4).  The  Forelands  are  opposing  pen¬ 
insulas  that  constrict  the  Inlet  to  about  1 6  km  in  width, 
whereas  the  Upper  Inlet  typically  ranges  from  20  to 
30  km  wide.  The  shoreline  is  very  regular,  with  few 
coves  and  inlets.  This  section’s  largest  bay,  Trading 
Bay,  occupies  the  area  between  West  Foreland  and 
Granite  Point.  Smaller  bays  include  Beshta  Bay  (north 
of  Granite  Point)  and  Nikiski  Bay  (north  of  East 


Foreland).  The  major  rivers  that  enter  the  Upper  Inlet 
are  the  Susitna  and  Little  Susitna,  the  Beluga,  and  the 
McArthur,  all  of  which  drain  out  of  the  Alaska  and 
Talkeetna  mountain  ranges  and  discharge  into  Cook 
Inlet  from  the  north. 

Several  shoals  are  present  in  this  region,  including 
Middle  Ground  Shoal,  just  north  of  the  Forelands,  ly¬ 
ing  parallel  to  and  just  north  of  the  Inlet’s  midline, 
and  Beluga  Shoal  at  midline  and  due  south  of  the 
Susitna  River’s  mouth.  Fire  Island  Shoal,  which  lies 
due  west  of  Fire  Island;  North  Point  Shoal;  and  Knik 
Arm  Shoal  all  challenge  navigation  into  and  out  of 
Knik  Arm  and  the  Port  of  Anchorage. 

2.4  Lower  Cook  Inlet 

The  largest  region,  Lower  Cook  Inlet  (Fig.  5),  ex¬ 
tends  200  km  southwest  beyond  the  Forelands  to  its 
mouth,  which  opens  into  the  Gulf  of  Alaska.  The  mouth 
is  located  between  Cape  Douglas  on  the  Alaska  Pen¬ 
insula  and  Cape  Elizabeth  on  the  Kenai  Peninsula  side. 
There  are  three  entrances  from  the  Gulf  of  Alaska  into 
Cook  Inlet.  These  are,  from  east  to  west,  Kennedy  En¬ 
trance  and  Stevenson  Entrance,  which  are  separated 
by  the  Barren  Islands,  and  Shelikof  Strait,  which  sepa- 
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Figure  5.  Place  names  of  Lower  Cook  Inlet. 
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Figure  6.  Brash  ice  clogging  Homer’s  small  boat  harbor  to  an  unusual  extent.  (Photo 
by  Orson  Smith.) 


rates  Kodiak  and  Afognak  Islands  from  the  Alaska  Pen¬ 
insula.  The  eastern  shoreline  north  of  Homer  and  the 
western  shoreline  north  of  Harriet  Point  border  on  low¬ 
land  outwash  plains,  with  mountains  that  are  distant 
from  the  coast.  As  such,  there  is  little  undulation  and 
few  sheltering  coves  along  these  shorelines,  with  the 
exception  of  Redoubt  Bay,  between  West  Foreland  and 
Harriet  Point.  However,  south  of  those  points,  the 
shorelines  are  more  mountainous  and  indented  with 
numerous  bays,  inlets,  and  coves.  Other  major  bays 
of  the  Lower  Inlet  include  Kachemak,  Kamishak, 
Tuxedni,  Chinitna,  and  Iniskin  Bays,  and  Ursus  Cove. 
With  the  exception  of  Kachemak  Bay,  all  are  located 
along  the  western  shoreline. 

The  largest  two  bays,  Kachemak  and  Kamishak, 
are  located  on  opposite  shores  at  the  southern  end  of 
Lower  Cook  Inlet.  Kachemak  Bay  is  35  km  wide  at 
its  mouth  between  Seldovia  Point  and  Anchor  Point. 
It  reaches  about  40  km  inland,  tapering  gradually  to  4 
km  wide  where  it  ends  at  the  mouth  of  the  Fox  River. 
Its  northern  shoreline,  the  southern  terminus  of  the 
Kenai  Lowland,  is  regular  and  non-undulating.  Its 
southern  shoreline,  however,  abuts  the  spine  of  the 
Kenai  Mountains  and  is  punctuated  with  many  long 


finger  fiords  and  small  bays.  Homer  Spit,  jutting  south¬ 
eastward  into  the  bay  from  the  town  of  Homer,  is 
founded  on  a  glacial  deposit  nearly  8  km  long  and 
less  than  a  half  kilometer  wide,  creating  a  natural 
breakwater  and  excellent  anchorage  for  the  large  com¬ 
mercial  fishing  fleet  based  there.  Homer,  also  a  center 
for  tourism,  has  a  population  of  about  4,800.  Marine 
facilities  there  include  a  deep-water  dock  that  can  ac¬ 
commodate  two  340-ft-long  vessels  with  30-ft  or  less 
draft,  a  740-vessel-capacity  small-boat  harbor  (Fig. 
6),  an  Alaska  Marine  Highway  System  terminal,  a  U.S. 
Coast  Guard  station,  and  storage  and  shipment  facili¬ 
ties  for  fish,  petroleum  products,  and  general  cargo. 

On  the  western  side  of  Cook  Inlet  is  Kamishak  Bay. 
It  is  approximately  33  km  long  from  its  43 -km- wide 
entrance  between  Douglas  Reef  and  Tignagvik  Point. 

There  are  several  large  islands  situated  within  the 
Lower  Inlet.  These  include  Augustine  Island,  in 
Kamishak  Bay,  and  Chisik  Island,  at  the  mouth  of  the 
Tuxedni  Bay.  Kalgin  Island,  about  30  km  south  of  the 
Forelands,  plays  an  important  role  in  the  permanent 
and  tidal  currents  that  dominate  the  hydrodynamic 
regime  of  the  Inlet.  The  Barren  Islands  and  Chugach 
Islands  are  located  at  the  Inlet’s  mouth. 
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3  COOK  INLET  MARINE  ICE 


3.1  Ice  types 

The  ice  types  that  form  in  Cook  Inlet  are  described 
in  Brower  et  al.  (1988)  as 

•  Sea  ice, 

•  Beach  ice, 

•  Stamukhi,  and 

•  Estuarine  and  river  ice. 

Nelson  (1995)  categorized  the  ice  types  as 

•  Floating  ice  forming  under  non-turbulent  water 
and  air  conditions, 

•  Floating  ice  forming  under  turbulent  conditions, 
and 

•  Shorefast  ice, 

each  dependent  on  the  ambient  air  temperature,  wind 
conditions,  water  salinity,  and  tide  and  turbulence 
levels  at  the  time  of  formation.  Here,  we  distinguish 
between  the  types  of  Cook  Inlet  ice  using  the  terms 

•  Pack  ice, 

•  Shorefast  ice, 

•  Stamukhi,  and 

•  Estuarine  and  river  ice. 

In  reality,  sea  ice  often  forms  as  some  combina¬ 
tion  of  these  types  but  usually  can  be  classified  as 
more  of  one  type  than  others.  The  World  Meteoro¬ 
logical  Organization’s  nomenclature  of  sea  ice, 
which  is  useful  for  further  clarification  of  terminol¬ 
ogy,  is  included  as  Appendix  A. 

3.1.1  Pack  ice 

The  term  “pack  ice”  can  be  used  to  denote  any  form 


of  freely  floating  sea  ice  forming  directly  from  the 
freezing  of  seawater.  Its  formation  sequence  is  as  fol¬ 
lows.  Water  contracts  as  it  cools,  until  it  reaches  4.0°C, 
the  temperature  of  maximum  density  for  fresh  water. 
With  further  cooling,  water  expands  continuously  un¬ 
til  it  freezes  at  0°C.  Adding  salt  not  only  lowers  the 
freezing  point  of  water  but  also  lowers  its  tempera¬ 
ture  of  maximum  density.  Figure  7  shows  the  relation¬ 
ship  between  salinity  and  the  temperatures  of  maxi¬ 
mum  density  and  freezing.  At  24.7  parts  per  thousand 
(ppt)  salt,  the  two  lines  converge,  indicating  that  wa¬ 
ter  of  even  greater  salinity  will  freeze  at  its  point  of 
maximum  density.  Typical  seawater  has  a  salinity  of 
about  35  ppt  and  freezes  at  -1.9°C. 

As  the  temperature  of  seawater  near  the  surface  de¬ 
creases,  a  vertical  density  gradient  forms  in  the  water 
column.  The  colder  and  heavier  seawater  sinks,  while 
warmer,  less  dense  seawater  from  below  rises  to  take 
its  place.  Ideally  the  density  gradient  disappears  when 
the  entire  water  column  becomes  uniformly  cooled  to 
its  freezing  point.  However,  the  seas  do  not  have  uni¬ 
form  top-to-bottom  salinity.  Instead,  there  exists  a  den¬ 
sity  boundary  between  the  surface  and  the  deeper  wa¬ 
ters,  known  as  the  “halocline,”  across  which  vertical 
mixing  does  not  occur,  in  the  absence  of  other  forces. 
The  deeper  water  is  warmer,  but  its  higher  salinity  pre¬ 
vents  it  from  rising  to  mix  with  the  chilled  surface 
water.  The  effect  is  that  the  ocean  surface  can  freeze 
when  the  surface  layer  alone  has  attained  its  freezing 
point,  even  though  there  may  be  considerable  heat 
trapped  below  the  halocline. 

In  the  absence  of  turbulence,  ice  crystals  can  form 
anywhere  within  this  upper  layer  of  water.  The  crys¬ 
tals  float  to  the  surface  and  form  a  skim,  which  con¬ 
solidates  and  thickens  progressively  downward  as 
more  crystals  form  at  the  ice-water  interface.  Under 
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Figure  7.  Relationship  between  the  temperature  of  maximum  density 
and  the  freezing  point  of  water  with  respect  to  salinity.  (After  Bowditch 
1977.) 


conditions  of  low  turbulence,  the  crystals  on  the  bot¬ 
tom  side  of  the  ice  cover  grow  downward,  becoming 
elongated  and  columnar  shaped.  This  process  is  known 
as  congelation  growth.  The  thickening  ice  cover  be¬ 
comes  a  barrier  to  heat  flow  between  the  water  and 
the  colder  air  above  it.  As  the  ice  thickens,  the  loss  of 
heat  needed  to  maintain  the  ice  growth  process  is 
slowed. 


Snow  on  top  of  the  ice  cover  acts  as  an  even  greater 
insulator,  further  decreasing  the  growth  rate  (Fig.  8). 
Despite  snow’s  insulating  effect,  a  thick  snow  cover 
can  sometimes  speed  the  process  of  ice  thickening. 
When  the  snow  weighs  enough  to  depress  the  ice  sur¬ 
face  below  the  water  level,  hydrostatic  pressure  causes 
water  to  seep  up  through  the  ice  and  saturate  the  over- 
lying  snow.  Air  temperatures  that  are  sufficiently  cold 


(in.)  (cm) 


Figure  8.  Relationship  between  the  thickness  of  young  sea  ice,  accumu¬ 
lated  freezing  degree-days,  and  snow  cover  thickness,  hs.  (After 
Untersteiner  1986.) 
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will  freeze  the  saturated  snow  from  the  top  downward, 
creating  a  layer  of  “snow  ice,”  which  will  eventually 
bond  to  the  sea  ice  if  low  temperatures  persist.  Nelson 
( 1 995)  reported  that  snow  ice  comprises  a  large  amount 
of  the  ice  cover  in  Cook  Inlet. 

In  the  relatively  shallow  and  highly  turbulent  wa¬ 
ters  of  Cook  Inlet,  “frazil”  ice  is  also  a  major  compo¬ 
nent  of  the  new  ice  that  forms.  Frazil  is  formed  from 
tiny  ice  plates  or  needles  that  rapidly  accumulate  in 
turbulent  water  when  colder  water  and  air  near  the 
surface  mix  with  warmer,  deeper  water.  These  ice  crys¬ 
tals  flocculate  into  low-density  masses  that  float  to 
the  surface  to  form  a  soupy  layer  of  unconsolidated 
ice,  giving  a  greasy  appearance  to  the  water  surface. 

The  next  stage  in  the  development  of  sea  ice  is 
“shuga” — ice  crystals  that  continue  to  coalesce  into 
floating  pans  and  soon  acquire  a  white,  slushy  appear¬ 
ance.  Wind,  wave,  and  current  motion  cause  these  pans 
to  collide  repeatedly,  deforming  and  thickening  their 
outer  edges  to  create  what  is  known  as  “pancake  ice.” 
With  further  hardening,  thickening,  and  consolidation, 
ice  pans  increase  in  size,  sometimes  forming  larger 
floes  or  sheets  of  ice.  Blenkam  (1970)  reported  that 
ice  floes  in  the  Inlet  can  be  classified  as  “big”  (greater 
than  500  m  across  [Appendix  A]),  with  400-m-wide 
floes  being  common.  These  floes  and  sheets  some¬ 


times  collide,  override  one  another,  and  freeze  together 
to  form  ice  that  is  immediately  doubled  in  thickness. 
This  process  is  known  as  “rafting.”  Another  type  of 
consolidation  and  thickening,  known  as  “fingering,” 
occurs  when  two  pans  merge  and  interlock  such  that 
the  edges  of  one  floe  alternately  slide  over  and  under 
the  adjacent  floe. 

Collision  and  stress  between  stronger  and  thicker 
ice  sheets  result  in  more  extreme  edge  deformation, 
consolidation,  and  piling  up  of  ice,  known  as  “pres¬ 
sure  ridging.”  Depending  on  the  magnitude  and  di¬ 
rection  of  the  stresses,  floating  ice  sheets  (floes)  can 
converge  on  other  floes,  fast  ice,  the  shore,  or  the  sea 
bottom  and  create  large  pressure  ridges.  In  Cook  In¬ 
let,  pressure  ridges  have  been  reported  to  be  as  thick 
as  6  m  (Blenkam  1970);  no  other  quantitative  infor¬ 
mation  concerning  ice  thickening,  roughness,  or  floe 
size  and  spacing  is  available. 

Ice  propelled  by  the  tides  presents  the  greatest  dan¬ 
ger  to  navigation  and  marine  stmctures  in  Cook  Inlet. 
Table  1  lists  incidents  that  occurred  between  1960  and 
1986  fromU.S.  Coast  Guard  records  of  damage  caused 
by  floating  ice. 

More  recently,  problems  caused  by  floating  ice  have 
been  reported  in  the  news.  In  February  1990,  cargo 
loading  of  three  oil  tankers  at  Drift  River  Terminal 


Table  1. 

Vessel  and  structure  damage  in  Cook  Inlet  caused  by  floating  ice.  (After  USCG  1991.) 

Date 

Location 

Damage 

Cause  of  Accident 

11/29/64 

Port  of  Anchorage 

Pilings  tom  from  petroleum  dock, 
approx.  $33,000  damage 

Winter  ice  and  tides 

12/12/64 

Off  port  of  Anchorage 

Icebreaker  Milton  II  caught  in  ice 

Winter  ice 

3/29/67 

Anchorage  City  Dock 

Dock  extension  tom  from  pilings 
and  demolished,  $1.9  million  damage 

Winter  ice 

5/2/67 

Knik  Arm  Shoal 

Tanker  Evje  IV  mptured  cargo  of 
oil  tanks  after  striking  shoal 

Winter  ice  ripped 
out  marker  buoy 

12/24/80 

Port  of  Anchorage 

540-ft  SS  Philadelphia  stmck  under¬ 
water  object,  $300,000  damage 

Ice  pan  pushed  ship 
into  obstacle 

2/24/82 

Fire  Island  Shoal 

497-ft  SS  Newark  grounded 

Heavy  ice  and  tide 

1/10/83 

Port  of  Anchorage 

523 -ft  SS  Galveston  came  loose 
from  dock  when  ice  severed  mooring 
lines,  slight  damage 

Ice  floe  and  tide 

3/5/86 

Anchorage  City  Dock 

540-ft  SS  Philadelphia  collided 
with  dock,  $14,000  damage  to  7 
fender  pilings 

Large  ice  pan  forced 
ship  into  dock 
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(on  the  western  shore,  across  from  Kenai)  had  to  be 
suspended  for  a  day  due  to  heavy  ice.  Operators  were 
forced  to  cast  off  and  spend  the  night  offshore,  as  it 
was  feared  that  ice  propelled  by  the  tidal  current  would 
cause  their  vessels  to  be  ruptured  on  the  pier.  The  same 
news  article  mentioned  a  tanker-puncture  incident  in 
1988  resulting  in  a  small  crude  oil  spill  that  was  caused 
by  similar  conditions  at  the  off-loading  terminal  at 
Nikiski  (Kizzia  1990).  Later  that  year,  in  December, 
Wohlforth  (1990)  wrote  that  heavy  ice  and  currents 
stripped  the  MV  Coast  Range  from  the  Drift  River 
pier  during  loading  operations,  resulting  in  another 
spill  estimated  at  0.75-2.3  m3  (200-600  gallons).  In 
February  1999,  moving  ice  pushed  the  MV  Ocean 
Laurel  into  Unocal’s  dock  at  Nikiski,  causing  $  1 00,000 
in  damage  to  the  dock  and  catwalk  (Associated  Press 
1999).  A  week  later,  heavy  ice  conditions  in  the  Lower 
Inlet  cracked  a  cargo  storage  tank  aboard  the  MV 
Chesapeake  Trader  (Little  1999,  ADEC  1999),  allow¬ 
ing  a  spill  of  approximately  1.6  m3  (420  gallons).  In 
January  2000,  ice  clogged  the  cooling-water  intake  of 
the  freighter  MV  Torm  Pacific ,  causing  a  brief  loss  of 
power  and  necessitating  retreat  to  less  troublesome 
waters  until  conditions  improved  (Little  2000a).  A 
week  later,  two  more  vessels  that  were  taking  on  urea 
and  fuel  were  stripped  from  Tesoro’s  and  Unocal’s 
docks  in  Nikiski.  One  of  the  ship’s  pilots  stated  that 
the  ice  was  “fairly  soft  but  massive,  about  a  foot  and  a 
half  thick  [0.5  m] . . .  some  of  the  pans  are  two  miles  in 
diameter  [3200  m].”  Approximately  0.75  m3  (200  gal¬ 
lons)  of  gasoline  were  spilled  as  tide -borne  ice  over¬ 
whelmed  the  mooring  cables  and  tugboats  that  were 
attempting  to  hold  them  in  place.  The  Coast  Guard 
suspended  cargo  transfer  there  for  several  days  until 
the  ice  conditions  subsided  (Little  2000b). 

3.1.2  Shorefast  ice 

Ice  that  forms  and  remains  firmly  attached  to  the 
shoreline,  stationary  structures,  or  other  nonmoving 
ice  is  known  as  “fast  ice.”  It  can  form  directly  from 
freezing  of  the  surrounding  water,  from  piling  and  sub¬ 
sequent  re-freezing  of  brash  ice  or  broken  ice  of  any 
age,  or  from  flooding  of  snow  atop  shorefast  ice. 

Because  of  the  large  tidal  range,  extensive  areas  of 
mudflats  around  Cook  Inlet  are  exposed  to  air  tem¬ 
peratures  low  enough  to  freeze  the  upper  layers  of  mud. 
With  the  flood  tide,  the  seawater  in  contact  with  the 
frozen  mud  can  freeze  and  bond  to  the  bottom,  form¬ 
ing  beach  ice.  Successive  low  tides  allow  the  stranded 
ice  to  attain  ambient  air  temperature.  When  the  air  tem¬ 
perature  is  significantly  lower  than  the  seawater  tem¬ 
perature,  the  ice  can  become  progressively  thicker  with 
each  succeeding  high  tide.  As  much  as  2.5  cm  (1  in.) 
of  ice  per  tidal  flood  can  accumulate  in  this  manner, 


but  it  will  usually  float  free  from  the  bottom  before 
reaching  about  0.5  m  (1.6  ft)  in  thickness  (Blenkam 
1970).  At  the  point  where  buoyancy  overcomes  the 
bond  strength,  the  ice  lifts  free  and  takes  with  it  the 
topmost  layer  of  sediment.  This  mechanism  is  the  rea¬ 
son  for  much  of  the  black  coloration  typical  of  the  ice 
found  in  the  Upper  Inlet.  The  newly  freed  ice  then 
either  drifts  into  deeper  water  and  continues  growing 
or  melting  in  the  same  manner  as  pack  ice,  or  is  floated 
higher  on  the  beach,  where  it  becomes  stranded  again 
and  continues  growing  as  “stamukha.” 

3.1.3  Stamukha 

The  term  “stamukhi,”  the  plural  of  stamukha,  origi¬ 
nated  from  the  Russian  ice  classification  and  refers  to 
sea  ice  that  has  broken  and  piled  upward,  or 
hummocked,  because  of  wind,  tides,  or  thermal  ex¬ 
pansion  forces.  Under  certain  conditions,  massive  ice 
blocks  can  form  through 

•  Repeated  wetting  and  accretion  of  seawater, 

•  Crushing  and  piling  consolidation,  or 

•  Stranding  of  successive  layers  of  floating  ice  cakes 
on  top  of  others,  which,  in  turn,  freeze  together. 

The  term  has  appeared  in  numerous  publications  re¬ 
ferring  to  the  very  largest  ice  cakes  that  are  character¬ 
istic  of  Cook  Inlet.  Smith  (2000)  provided  a  detailed 
description  of  the  stamukha  formation  process  as  be¬ 
ginning  with  the  formation  of  beach  ice.  That  is,  in¬ 
coming  tide  water  forms  thin,  bottom-fast  ice  on  cold- 
soaked  mud  flats.  High  tides  deposit  floating  cakes 
and  brash  atop  the  bottom-fast  ice,  where  they  become 
stranded  by  the  ebbing  tide.  Alternatively  buoyancy 
may  break  loose  some  of  the  bottom- fast  ice  pieces  so 
that  they  become  stranded  atop  other  sections  of  ice 
that  are  still  adhered  to  the  mud  when  the  tide  again 
recedes.  The  stacked  pieces  then  freeze  together  and 
become  increasingly  stronger  as  a  unified  mass. 

Stamukhi  in  Cook  Inlet  were  reported  by  Nelson 
(1995)  as  thick  as  7.5  m,  and  up  to  12.2  m  (40  ft)  thick 
by  Hutcheon  (1972b)  and  Gatto  (1976).  Blenkarn 
(1970)  described  the  typical  stamukha  as  4.6  m  (15  ft) 
high  and  6.1  m  (20  ft)  in  diameter.  Because  of  their 
large  size,  beached  stamukhi  are  the  last  remnants  of 
the  ice  cover  to  be  seen  in  late  spring.  Tidal  action 
occasionally  will  free  stamukhi  from  the  beach,  float¬ 
ing  them  into  deeper  water  where  they  can  entrain  with 
the  pack  ice.  Because  of  their  large  mass  and  relative 
strength,  drifting  stamukhi  are  hazardous  to  shipping. 
In  the  brash  ice  conditions  that  are  common  in  Cook 
Inlet,  stamukhi  are  sometimes  difficult  to  distinguish. 
They  are,  however,  readily  distinguishable  among  level 
ice  floes  because  of  their  higher  freeboard  and  irregu- 
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Table  2.  Dates  of  river  ice  break-up  and  freeze-up.  (After  NOS  1994,  p.  T-21.) 

Ice  Break-up  Ice  Freeze-up 

-  -  Years  of 


Place 

Waters 

Earliest 

Average 

Latest 

Earliest 

Average 

Latest 

Record 

Susitna 

Susitna  River 

4/12/41 

May  1 

5/10/46 

10/19/33 

Nov  1 

11/14/36 

1933-46 

Kasilof 

Kasilof  River 

3/27/41 

Apr  13 

4/29/46 

11/13/45 

Dec  3 

12/24/48 

1937-47 

Kenai 

Kenai  River 

3/18/52 

Apr  2 

4/14/51 

11/23/51 

Dec  10 

12/26/37 

1937-52 

Anchorage 

Ship  Creek 

2/16/44 

Mar  29 

4/17/42 

11/10/35 

Nov  24 

12/10/36 

1915-53 

lar,  sediment-laden  sails.  Smith  (2000)  reported  that 
brine  ice  cores  melted  from  stamukhi  contained  a  mean 
salinity  of  only  1 .07  ppt  but  a  sediment  concentration 
of  25  g/L,  and  more  than  50%  of  the  sediment  par¬ 
ticles  by  weight  were  greater  than  63  pm  in  diameter 
(sand-sized). 

3.1.4  Estuarine  and  river  ice 

A  significant  portion  of  Cook  Inlet’s  ice  is  fresh¬ 
water  ice  that  forms  in  the  rivers  and  estuaries,  espe¬ 
cially  in  Knik  and  Tumagain  Arms.  Estuarine  ice  is 
similar  in  life  cycle  to  sea  ice,  but  it  is  significantly 
stronger  and  tends  to  remain  more  securely  in  place 
as  fast  ice.  In  the  Upper  Inlet,  where  the  wind  and 
water  stresses  are  greater,  estuarine  ice  is  commonly 
entrained  in  the  moving  pack  ice,  where  it  is  more  of  a 
danger  to  vessels  and  shoreline  structures  because  of 
its  strength.  River  ice  is  generally  unaffected  by  the 
tides,  wind,  and  waves,  at  least  until  spring  break-up. 
At  that  time  a  considerable  amount  of  river  ice,  pieces 
of  which  can  sometimes  be  2  m  thick  (Brower  et  al. 
1988),  is  discharged  into  the  Inlet.  Table  2  shows  spring 
break-up  and  fall  freeze-up  data  for  several  rivers  in 
the  region. 

3.2  General  marine  ice  environment 

The  ice  cover  in  Cook  Inlet  is  seasonal,  forming  in 
the  fall  and  disappearing  completely  each  spring.  Typi¬ 
cally  formation  first  occurs  in  October  but  does  not 
cover  a  significantly  large  area  until  late  November. 
By  December  about  half  the  Inlet  area  north  of  the 
Forelands  is  normally  covered  with  new  ice  and  pan¬ 
cake  ice  (up  to  10  cm  thick)  and  thin,  first-year  ice 
(30-70  cm  thick).  Much  of  the  ice  cover  is  brash  ice 
that  has  been  broken  by  tidal  movement  and  further 
thickened  by  compaction,  fingering,  rafting, 
hummocking,  and  ridging  (Fig.  9).  It  ranges  in  con¬ 
centration  primarily  from  open  (1/10,  or  10%  ice  cov¬ 
erage  for  a  given  area)  to  close  pack  (7/10  to  8/10). 
The  area  south  of  the  Forelands  is  normally  still  ice 
free  in  December.  In  late  December  or  early  January 
of  most  years,  a  relatively  warm  period  occurs,  such 


that  the  ice  cover  fails  to  increase  in  extent,  even  de¬ 
creasing  in  some  years  (LaBelle  et  al.  1983).  Then  the 
ice  extent  and  thickness  both  increase  through  late 
January  and  February,  reaching  maximums  by  mid- 
February  to  early  March. 

During  colder  winters  the  ice  may  extend  into  the 
Lower  Inlet  as  far  south  as  Anchor  Point  on  the  east 
side  and  Cape  Douglas  on  the  west  side.  The  thick¬ 
ness  of  the  ice  pack  varies  between  0.5  and  2  m,  ap¬ 
parently  limited  by  the  residence  time  of  ice  floes  in 
the  Inlet.  Blenkam  (1970)  reported  that  most  of  the 
ice  in  Cook  Inlet  is  fine-  to  medium-grained  with  a 
bulk  salinity  of  4-6  ppt.  He  referred  to  previous  stud¬ 
ies,  which  indicated  that  most  of  the  ice  found  in  Cook 
Inlet  is  less  than  30  days  old,  older  ice  having  been 
transported  out  of  the  Inlet  on  the  tides  to  the  open 
ocean  or  having  melted  in  transit.  Based  solely  on 
Anchorage  freezing  degree-days  (FDDs)  over  30  win¬ 
ters,  Blenkarn  calculated  that  sea  ice  could  grow  to  a 
maximum  thickness  of  0.66  m  during  the  coldest  30- 
day  period.  Utt  and  Turner  ( 1 992)  conducted  a  similar 
FDD  analysis  and  found  that  the  maximum  ice  thick¬ 
ness  for  the  coldest  30-day  period  between  1931  and 
1989  was  0.79  m. 

Various  rules  of  thumb  for  Cook  Inlet  ice  condi¬ 
tions  have  been  published.  For  example,  substantial 
ice  formation  is  said  to  begin  after  the  Anchorage  daily 
mean  temperature  drops  below  20°F  (-6.6°C)  for  the 
season  (Blenkam  1970)  or  when  the  seawater  tem¬ 
perature  cools  to  -1.1  °C  (Poole  and  Hufford  1982). 
According  to  the  NWS,  ice  will  completely  clear  from 
Cook  Inlet  approximately  2 1  days  after  the  mean  daily 
air  temperature  in  Anchorage  has  risen  above  0°C  for 
the  season  (Schulz  1977b).  However,  the  ice  cover  can 
vary  significantly  from  year  to  year  in  terms  of  dates 
of  onset  and  clearing,  thickness,  concentration,  and 
extent  of  coverage. 

Table  3  shows  the  variability  in  dates  of  onset  and 
clearance  for  the  1 7-year  period  ending  with  the  1985- 
86  season.  The  date  of  the  first  significant  ice  occur¬ 
rence  and  the  springtime  date  of  ice  clearance  are  de¬ 
fined  as  the  first  and  last  occurrences  for  the  season, 
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Figure  9.  Typical  mixed-ice  conditions  in  Upper  Cook  Inlet,  featuring  ice  floes,  both 
level  (un-deformed)  ice  and  shove-thickened  pans,  interspersed  with  broken  and 
brash  ice  in  various  first-year  thin  stages  of  development.  (Photo  by  Orson  Smith.) 


respectively,  of  10%  ice  concentration  at  the  Phillips 
oil  production  platform,  which  is  located  approxi¬ 
mately  14  km  east  of  the  North  Foreland.  Both  dates 
varied  by  as  much  as  two  months  over  those  years.  The 
mean  dates  are  November  25  and  April  7,  respectively, 
and  the  standard  deviation  for  both  is  17-18  days. 


Poole  and  Hufford  (1982)  correlated  several  pos¬ 
sible  meteorological  and  oceanographic  variables  with 
the  onset  of  ice  in  Cook  Inlet  for  the  1970s  decade. 
They  analyzed  factors  such  as  FDDs,  winds,  precipi¬ 
tation  amount,  river  discharge  data,  and  coastal  cur¬ 
rent  inflow  based  on  sea  surface  and  air  temperatures. 


Degree-days 

A  “degree-day”  is  a  means  of  describing  the  magnitude  and  duration  of  time  that  the  mean  daily 
air  temperature  differs  from  any  specified  temperature.  In  terms  of  sea  ice  formation,  it  is  measured 
in  either  freezing  degree-days  (FDDs)  that  grow  ice  or  thawing  degree-days  (TDDs)  that  melt  ice. 
Every  degree  of  temperature  that  the  mean  daily  temperature  departs  from  a  given  base  value  is 
one  degree-day.  For  example,  if  we  specify  a  base  value  of  0°C  and  the  mean  air  temperature  for  a 
day  is  -10°C,  then  10  Celsius  FDDs  have  accumulated  over  the  course  of  that  day.  Conversely  a 
mean  daily  air  temperature  of +10°C  would  equal  a  10-TDD  accumulation.  One  Celsius  degree-day 
equals  1.8  Fahrenheit  degree-days.  The  number  of  FDDs  and  TDDs  are  summed  separately  and 
continuously  over  the  entire  winter  season  (from  October  1  to  April  30).  The  base  value  for  the 
melting  or  growth  of  ice  is  arbitrary  but  is  often  chosen  to  best  fit  empirical  data  for  the  region  of 
interest.  The  ice  thickness  models  employed  in  Section  3.3  base  the  total  thickness  of  ice  grown  or 
melted  on  the  accumulated  number  of  degree-days  at  monthly  intervals  during  the  winter. 
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Table  3.  Dates  of  first  significant  ice  and  ice-out  for  north¬ 
ern  Cook  Inlet  (defined  as  10%  ice  concentration  at  the 
Phillips  Platform).  Extreme  minimum  and  maximum  dates 
are  in  bold.  The  1984-85  season  experienced  an  initial 
ice-out  and  refreeze  on  Feb.  13th.  (After  Brower  et  al. 

1988.) 

Ice  season 

First  Ice 

Ice-Out 

1969-70 

Nov  18 

Mar  23 

1970-71 

Oct  17 

May  7 

1971-72 

Nov  23 

May  15 

1972-73 

Nov  13 

Apr  10 

1973-74 

Nov  18 

Apr  6 

1974-75 

Nov  24 

Apr  9 

1975-76 

Nov  12 

Apr  10 

1976-77 

Dec  17 

Apr  9 

1977-78 

Nov  20 

Mar  18 

1978-79 

Dec  16 

Mar  31 

1979-80 

Dec  12 

Mar  26 

1980-81 

Dec  6 

Mar  10 

1981-82 

Nov  20 

Apr  19 

1982-83 

Nov  29 

Mar  21 

1983-84 

Dec  14 

Mar  20 

1984-85 

Dec  17 

Feb  13 

Feb  13 

Apr  17 

1985-86 

Nov  5 

Apr  18 

Mean  ±  s.d.* 

Nov  25  ±  17  days 

Apr  7  ±  1 8  days 

(Nov  8  -  Dec  12) 

(Apr  9  -  Apr  25) 

Median* 

Nov  23 

Apr  9 

Earliest* 

Oct  17 

Mar  10 

Latest* 

Dec  17 

May  15 

*Assumes  only  the  first 1 
the  1984-85  season. 

‘‘First  Ice”  period  and  last  ‘ 

'‘Ice-Out”  period  for 

Although  the  number  of  years  studied  was  small 
(11  winters)  and  the  scatter  large,  one  relation¬ 
ship  was  found  to  be  significant.  Ice  formation  in  the 
Upper  Inlet  correlated  reasonably  well  with  Anchor¬ 
age  FDDs,  using  a  base  of  -3.9°C.  Their  analysis 
showed  the  Lower  Inlet  to  be  much  less  well  corre¬ 
lated.  These  data  are  shown  in  Table  4  and  plotted  in 
Figure  10. 

The  hydrodynamic  and  meteorological  environ¬ 
ments  are  responsible  for  the  large  quantity  of  ice  that 
is  produced  annually  in  Cook  Inlet.  The  long  season 
of  freezing  temperatures,  the  large  tidal  range,  the  high 
current  velocity,  and  the  shallow  bottom  depths  all 
favor  ice  production.  The  latter  three  make  for  a  tur¬ 
bulent  water  column  and  continuous  surface  flux  that 
inhibits  the  growth  of  a  stable  ice  cover,  which  can  act 
as  an  insulating  blanket  and  prevent  heat  exchange  to 


the  atmosphere.  While  the  latter  three  factors  remain 
nearly  constant  from  year  to  year,  the  fact  that  ice  con¬ 
ditions  are  highly  variable  from  season  to  season  in¬ 
dicates  that  other  factors  are  involved.  The  ice  condi¬ 
tions  are  also  related  to  topographic,  meteorological, 
oceanographic,  and  sometimes  even  geological  phe¬ 
nomena.  The  factors  that  can  vary  greatly  and  typi¬ 
cally  favor  ice  growth  (Brower  et  al.  1988)  include 

•  Radiational  cooling, 

•  Cold,  freshwater  influx  from  stream  flow  discharge, 

•  Snow  falling  on  the  sea  surface  and  melting,  and 

•  Cold  air  mass  advection. 

On  the  other  hand,  many  factors  discourage  ice 
growth  in  Cook  Inlet.  Examples  of  the  more  predict¬ 
able  are 
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Table  4.  Dates  of  first  significant  ice  for  Upper  (defined  as  10%  ice  con¬ 
centration  at  the  Phillips  Platform)  and  Lower  Cook  Inlet  (undefined), 
and  corresponding  freezing  degree-days  (FDDs)  at  Anchorage  and  Kenai, 
respectively.  Using  the  base  value  of-3.9°C  to  calculate  FDDs  yielded 
the  best  correlation  for  ice  formation  in  the  Upper  Inlet.  Extreme  values 
are  in  bold.  (After  Poole  and  Hufford  1982.) 


Ice  Upper  Inlet  FDDs  Lower  Inlet  FDDs 

season  first  ice  (Base  -3.9°C)  first  ice  (Base  -3.9°C) 


1969-70 

Nov  18 

179 

Dec  19 

140 

1970-71 

Nov  21 

161 

Dec  15 

167 

1971-72 

Nov  23 

182 

Dec  2 

127 

1972-73 

Nov  13 

176 

Dec  14 

185 

1973-74 

Nov  18 

206 

Dec  9 

307 

1974-75 

Nov  24 

166 

Dec  29 

216 

1975-76 

Nov  12 

233 

Dec  11 

409 

1976-77 

Dec  10 

131 

— 

— 

1977-78 

Nov  20 

185 

Dec  2 

310 

1978-79 

Dec  16 

120 

Dec  22 

188 

1979-80 

Dec  12 

141 

Dec  18 

160 

Mean  ±  s.d. 

Nov  25  ±  12  days 

171  ±33 

Dec  14  ±  9  days 

221  ±91 

(Nov  13-Dec  7) 

(Dec  5-Dec  23) 

Earliest 

Nov  12 

Dec  2 

Latest 

Dec  10 

Dec  29 

30  Dec 


15  Dec 


30  Nov 


15  Nov 


1  Nov 

100  150  200  250  300  350  400  450 

Freezing  Degree-Days  (°C) 

Figure  10.  Dates  of  significant  ice  formation  at  the  Phillips  Platform  with 
respect  to  freezing  degree-days  (assuming  a  base  temperature  of-3.9°C). 
Anchorage  FDDs  were  used  for  the  Upper  Inlet,  and  Kenai  data  were  used 
for  the  Lower  Inlet.  (After  Poole  and  Hufford  1982.) 
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•  The  twice-per-day  tides  bringing  in  warm,  saline  wa¬ 
ter  from  the  Gulf  of  Alaska, 

•  The  tides  moving  ice  from  freshwater  areas  where  it 
grows  more  rapidly  to  more  saline  water  where  it 
tends  to  melt,  and 

•  North-  and  northeast-trending  winds  during  the  win¬ 
ter,  which  move  ice  down-inlet  to  areas  of  melting. 

Less-predictable  negative  factors  include  the  incidence 
and  amounts  of  solar  radiation  and  snow  cover  on  the 
ice.  Also,  southern  air  masses  with  above-freezing  air 
temperatures  can  sometimes  blanket  the  region  for 
days  at  a  time,  causing  rapid  decay  of  a  well- 
established  ice  cover.  Occasionally  volcanic  eruption 
has  been  known  to  melt  the  ice  cover.  This  was  in¬ 
deed  the  case  in  January  1976,  when  an  eruption  of 
Mount  St.  Augustine  during  a  5 -day  period  raised  the 
water  temperature  at  the  Dolly  Varden  platform 
(approximately  24  km  NNE  of  West  Foreland)  from 
-2.2°  to  +1 .0°C.  At  the  same  time  the  ice  concentration 
in  the  Inlet  reportedly  went  from  95%  to  less  than  50% 
(Schulz  1978). 

Compared  to  other  arctic  regions  where  multi-year 
ice  and  icebergs  occur,  Cook  Inlet  ice  conditions  might 
be  considered  mild.  However,  they  are  significant  be¬ 
cause  the  first  offshore  developments  in  ice-infested 
waters  for  the  petroleum  industry  were  built  in  Cook 
Inlet.  Four  oil  fields  and  one  natural  gas  field  were 
developed  in  the  early  1960s  in  Upper  Cook  Inlet.  The 
first  fourteen  offshore  drilling  and  production  plat¬ 
forms  were  built  during  1964-1968  (Visser  1992),  and 
environmental  data  necessary  for  their  design  were 
largely  nonexistent.  Some  of  the  earliest  ice  environ¬ 
ment  studies  in  Cook  Inlet  were  financed  by  the  pe¬ 
troleum  industry  to  ensure  that  the  structures  were  con¬ 
structed  to  withstand  the  forces  imposed  by  the  moving 
ice  pack.  The  fact  that  there  are  now  hundreds  of  plat¬ 
form-years  of  performance  experience  without  a  ma¬ 
jor  failure  testifies  to  the  competence  of  the  structural 
designs.  Several  published  sources  describe  the  data, 
procedures,  and  assumptions  that  engineers  used  to 
design  the  offshore  and  along-shore  structures  in  Cook 
Inlet  (e.g.,  Blenkarn  1970,  Sanderson  1988,  Visser 
1992,  Utt  and  Turner  1992,  Bhat  and  Cox  1995).  Visser 
(1992)  listed  parameters  that  governed  design  of  the 
original  platforms  and  compared  them  with  recom¬ 
mended  guidelines  that  were  later  adopted  by  the 
American  Petroleum  Institute  (API  1988).  These  are 
shown  in  Table  5.  The  original  design  assumed  a  level, 
undeformed  ice  thickness  of  1 . 1  m,  which  the  API  later 
amended  to  0.6-0. 9  m  in  its  guidelines.  The  API  also 
recommends  a  design  thickness  of  1 .2-1 .5  m  for  rafted 
ice. 


Table  5.  Ice  design  criteria  for  Cook  Inlet  pe¬ 
troleum  industry  platforms.  (After  Visser 
1992,  p.  148.) 


Design  Criteria 


Design  parameter 

Original 

design 

API  (1988) 
Recommended 

Ice  thickness,  level  ice  (m) 

1.1 

0.6-0. 9 

Ice  thickness,  rafted  ice  (m) 

NA 

1.2-1. 5 

Compressive  strength, 

3.8 

3.4-4. 1 

unconfined  (MPa) 

Compressive  strength, 

300 

275-330 

confined  (MPa) 

Maximum  load  (MN) 

42  x  106 

40  x  106 

3.3  Theoretical  ice  growth  and  melt 

Sea  ice  growth  and  decay  is  a  highly  complex  sub¬ 
ject  that  relates  to  a  wide  array  of  environmental  fac¬ 
tors,  such  as  air  temperature,  solar  input,  salinity  of 
the  water  and  the  ice,  and  exposure  to  wind,  waves, 
and  tides.  In  Cook  Inlet  it  is  especially  difficult  to  pre¬ 
dict  ice  conditions  because  of  the  extreme  magnitudes 
and  constant  fluctuation  of  the  variables  discussed  in 
Section  3.2.  However,  since  Poole  and  Hufford  (1982) 
determined  a  reasonable  correlation  between  accumu¬ 
lated  FDDs  and  Upper  Inlet  freeze-up,  temperature 
appears  to  be  the  best  single  indicator  of  the  severity 
of  the  ice  season.  In  this  section  we  calculate  theoreti¬ 
cal  ice  sheet  thickness  values  for  Cook  Inlet  using 
simple  models  based  on  the  average  air  temperatures 
in  Anchorage.  The  models  assume  that  when  the  mean 
daily  air  temperature  is  less  than  a  specified  value,  ice 
will  form,  and  when  the  temperature  is  higher  than  a 
specified  value,  the  ice  will  melt. 

LaBelle  et  al.  (1983)  stated  that  Brewster’s  calcu¬ 
lations  of  ice  growth  in  Cook  Inlet  were  made  using  a 
reformulation  of  Zubov’s  (1945)  model: 

I2  +  50/  =  8R  (1) 

where  /  is  the  ice  thickness  (cm)  and  R  is  the  number 
of  freezing  degree-days  that  had  accumulated  in  An¬ 
chorage,  assuming  a  base  temperature  of  0°C.  Solv¬ 
ing  the  quadratic  equation  in  the  manner  of  Bowditch 
(1979)  yields  a  form  of  the  equation  from  which  the 
ice  growth,  /g,  can  more  easily  be  determined  as  a  func¬ 
tion  of  the  sum  of  FDDs.  That  is, 
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j  _  (2500  +  32 R)°'5  -  50 


(2) 


At  the  beginning  of  the  ice  season,  the  mean  air 
temperature  usually  fluctuates  above  and  below  freez¬ 
ing  for  several  days,  if  not  weeks,  before  remaining 
below  freezing.  During  this  time  the  ice  cover  may 
oscillate  between  freezing  and  melting  several  times 
before  becoming  permanent.  Bowditch  stated  that 
Equation  2  is  to  be  applied  after  that  initial  fluctuation 
period.  According  to  LaBelle  et  al.  (1983),  the  first 
significant  ice  does  not  form  in  Cook  Inlet  until  after 
an  initial  accumulation  of  33.3  FDDs,  probably  to  ac¬ 
count  for  this  fluctuation  period.  This  stipulation 
causes  Equation  2  to  become 


i  _  [2500  +  32(7?  -  33.3)]° 5  -  50 


(3) 


which  we  used  to  calculate  the  ice  thickness  values  in 
Table  6. 

Also  in  the  manner  of  LaBelle  et  al.,  we  calculated 
theoretical  ice  melt  for  Cook  Inlet,  /m,  using  the  rela¬ 
tionship  of  Bilello  (1980): 


period.  Anchorage  closely  follows  Kenai,  with  ap¬ 
proximately  14%  fewer  FDDs  and  7%  more  TDDs 
during  the  winter  season.  The  other  two  sites  illus¬ 
trate  the  moderating  effect  that  proximity  to  the  Gulf 
of  Alaska  has  on  air  temperature.  Homer,  near  the 
southern  end  of  Cook  Inlet,  has  significantly  milder 
air  temperatures  in  winter  than  Kenai  and  Anchorage, 
with  about  half  the  FDDs  and  about  60%  more  TDDs. 
Kodiak,  located  south  of  Cook  Inlet  in  the  Gulf  of 
Alaska,  has  about  one-fifth  the  FDDs  and  about  two 
and  a  half  times  the  TDDs  of  Anchorage  and  Kenai. 

The  season  totals  of  FDDs  and  TDDs  for  the  pe¬ 
riod  of  record  (POR)  are  shown  in  Figure  12.  Year-to- 
year  variability  is  substantial  at  all  four  stations.  There 
was  no  statistically  significant  long-term  trend  of  warm¬ 
ing  or  cooling  at  any  of  the  sites  based  on  these  data. 

The  FDD  record  for  Anchorage  compiled  by 
LaBelle  et  al.  (1983),  together  with  the  more  recent 
data  of  this  report,  is  shown  in  Figure  13.  The  data 
sets  match  closely  during  the  period  that  they  overlap 
(1974-1982).  Least-squares  linear  fits  through  the  re¬ 
spective  data  sets  show  opposite  trends.  The  earlier 
data  exhibit  a  marked  warming  trend  of  -1 1  FDD/yr, 
whereas  the  later  time  frame  shows  a  slight  cooling 
trend  of  +4  FDD/yr. 


7m  =  0.93  (TDD)  (4) 

where  Im  is  in  centimeters  and  TDD  is  the  accumu¬ 
lated  thawing  degree-days  using  a  temperature  base 
of-1 .8°C.  However,  Bilello  empirically  derived  Equa¬ 
tion  4  using  data  from  12  Canadian  sites  and  only  1 
Alaskan  site  to  give  the  thickness  decrease  of  a  fast 
ice  sheet  from  its  maximum  thickness. 

The  calculated  monthly  values  for  /m  in  Table  6 
show  that  above-freezing  mean  air  temperatures  can 
occur  at  any  time  during  the  winter  season  and  that 
TDDs  will  cause  departure  from  the  theoretical  ice 
growth  relationship  (eq  3).  Of  course,  the  reverse  is 
also  true — FDDs  occurring  at  any  time  during  the  thaw 
period  will  result  in  a  departure  from  the  melt  calcu¬ 
lated  by  Bilello’s  equation.  The  reader  is  therefore  cau¬ 
tioned  to  consider  the  /g  and  Im  values  in  the  table  only 
as  indicative  of  the  relative  severity  of  ice  conditions 
in  Cook  Inlet  throughout  the  ice  season.  This  is  espe¬ 
cially  true  for  FDDs  during  October  and  April  and  for 
TDDs  during  the  rest  of  the  season,  as  shown  by  their 
higher  standard  deviations. 

In  Table  6  we  summed  FDDs  with  respect  to  0°C 
and  TDDs  with  respect  to  -1 .8°C  to  be  consistent  with 
the  stated  method  of  LaBelle  et  al.  (1983).  Figure  11 
shows  the  mean  monthly  FDD  and  TDD  totals  for 
1973-1997  for  four  locations  on  Cook  Inlet  (Fig.  1). 
In  general,  Kenai  is  the  coldest  site — it  accumulates 
the  most  FDDs  and  the  fewest  TDDs  over  the  winter 


3.4  Cook  Inlet  marine  ice  data 

Ice  conditions  in  Cook  Inlet  have  been  routinely 
reported  since  the  1969-70  winter  season  as  an  aid  to 
navigation.  Annual  reports  were  published  through¬ 
out  the  1970s  by  the  Alaska  Region  Headquarters  of 
the  NWS  in  Anchorage  (Hutcheon  1972a,  b,  1973; 
Schulz  1977a,  b,  c,  1978;  Eaton  1980;  Poole  1980, 
1981a,  b).  These  were  post-season  reports  that  typi¬ 
cally  provided  a  qualitative  description  of  the  ice  con¬ 
ditions  as  they  related  to  specific  weather  phenom¬ 
ena,  air  temperature,  and  FDDs  recorded  at  Anchorage. 
They  also  provided  the  historical  dates  of  the  first  sig¬ 
nificant  ice  formation  and  the  end-of-the-season  ice- 
out  dating  back  to  the  1 969-70  season.  Although  simi¬ 
lar  ice  reports  were  apparently  not  published  after  the 
1979-80  season,  the  dates  of  ice  formation  and  ice- 
out  continued  to  be  compiled  by  the  NWS  up  through 
the  1985-86  season  (Table  3). 

In  December  1984  the  NWS  in  Anchorage  began 
sporadic  analysis  and  forecasting  of  the  extent,  con¬ 
centration,  and  stage  of  development  of  Cook  Inlet 
ice.  With  the  importance  of  commercial  navigation, 
fishing,  and  tourism  access  to  remote  sites  around 
Cook  Inlet,  the  practice  continues  today  with  even 
greater  scientific  discipline  and  regularity.  The  NWS 
has  provided  regular  ice  reports  since  1989  for  Alas¬ 
kan  coastal  and  offshore  waters.  Since  1994  Russell 
Page  has  held  the  position  of  ice  forecaster  for  that 
region  and  has  developed  numerous  tools  to  aid  in  the 
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Table  6.  Accumulated  freezing  and  thawing  degree-days  at  Anchorage,  Alaska,  and  calculated  sea 
ice  growth  and  melt  in  Cook  Inlet.  The  degree-day  data  were  provided  by  AFCCC  and  are  for 
January  1973  to  December  1997,  inclusive.  (These  differ  from  the  values  shown  in  LaBelle  et  al. 
because  of  their  incorrect  derivation  and/or  application  of  Equation  3.) 


Oct 

Nov 

Dec 

Jan 

Feb 

Mar 

Apr 

Season 

FDD 

TDD 

FDD 

TDD 

FDD  TDD 

FDD  TDD 

FDD 

TDD 

FDD 

TDD 

FDD 

TDD 

1972-73 

473 

1 

279 

5 

131 

35 

0 

124 

1973-74 

31 

84 

291 

0 

224 

11 

404 

0 

255 

2 

170 

53 

1 

153 

1974-75 

7 

104 

157 

28 

205 

3 

337 

18 

301 

8 

165 

11 

23 

84 

1975-76 

41 

142 

268 

1 

329 

7 

255 

18 

292 

17 

129 

19 

12 

113 

1976-77 

44 

121 

46 

61 

142 

6 

27 

76 

23 

73 

113 

17 

17 

128 

1977-78 

11 

181 

243 

0 

343 

2 

174 

14 

103 

38 

57 

51 

2 

111 

1978-79 

3 

191 

86 

32 

168 

19 

142 

5 

301 

0 

31 

71 

0 

168 

1979-80 

0 

111 

34 

103 

343 

3 

312 

18 

84 

38 

93 

42 

0 

178 

1980-81 

7 

153 

67 

26 

531 

3 

41 

60 

111 

39 

11 

94 

3 

129 

1981-82 

6 

128 

176 

16 

263 

8 

419 

0 

254 

11 

116 

37 

33 

93 

1982-83 

107 

47 

178 

9 

193 

27 

265 

2 

159 

12 

67 

42 

6 

147 

1983-84 

17 

110 

112 

14 

248 

2 

232 

23 

191 

4 

10 

129 

0 

167 

1984-85 

22 

128 

193 

5 

220 

11 

49 

44 

281 

11 

93 

21 

103 

70 

1985-86 

90 

102 

289 

4 

102 

52 

114 

12 

164 

23 

139 

24 

76 

88 

1986-87 

13 

179 

126 

41 

88 

47 

160 

22 

94 

17 

123 

50 

1 

151 

1987-88 

15 

187 

78 

17 

231 

7 

231 

4 

141 

23 

29 

44 

8 

136 

1988-89 

30 

87 

179 

2 

180 

18 

474 

3 

224 

3 

151 

21 

1 

171 

1989-90 

41 

117 

242 

17 

137 

23 

284 

17 

428 

3 

88 

37 

1 

189 

1990-91 

34 

83 

346 

0 

288 

1 

287 

23 

196 

18 

141 

19 

3 

144 

1991-92 

38 

91 

119 

27 

192 

1 

186 

12 

256 

3 

146 

47 

33 

123 

1992-93 

42 

72 

103 

46 

290 

14 

282 

4 

174 

18 

62 

28 

0 

198 

1993-94 

9 

111 

132 

51 

131 

17 

174 

17 

233 

16 

141 

52 

17 

170 

1994-95 

46 

111 

257 

6 

264 

5 

270 

4 

174 

19 

244 

23 

0 

192 

1995-96 

2 

162 

173 

15 

219 

7 

438 

1 

247 

1 

68 

38 

13 

167 

1996-97 

140 

56 

205 

4 

314 

1 

278 

16 

33 

39 

125 

2 

3 

159 

1997-98 

37 

62 

78 

43 

238 

6 

Mean 

33 

123 

167 

23 

235 

12 

252 

17 

201 

18 

106 

40 

14 

145 

St.  Dev. 

33 

46 

83 

24 

93 

13 

125 

18 

92 

17 

54 

27 

24 

34 

Oct 

Nov 

Dec 

Jan 

Feb 

Mar 

Apr 

Season 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

1972-73 

39.4 

1.0 

5.9 

4.7 

2.2 

32.6 

0.0 

115.7 

1973-74 

0.0 

78.0 

26.8 

0.0 

21.4 

10.3 

34.9 

0.0 

5.4 

2.1 

3.3 

49.1 

0.0 

142.1 

1974-75 

0.0 

97.1 

15.1 

26.4 

19.7 

3.1 

30.3 

17.1 

6.4 

7.8 

3.2 

10.3 

0.0 

78.5 

1975-76 

1.1 

131.8 

25.0 

0.5 

29.7 

6.2 

24.0 

17.1 

6.2 

15.5 

2.2 

17.6 

0.0 

105.4 

1976-77 

1.7 

112.6 

1.9 

56.8 

13.7 

5.2 

0.0 

70.3 

0.0 

68.2 

1.7 

16.0 

0.0 

118.8 

1977-78 

0.0 

168.4 

23.0 

0.0 

30.7 

1.6 

16.9 

12.9 

1.4 

35.7 

0.0 

47.5 

0.0 

160.2 

1978-79 

0.0 

177.7 

7.3 

29.5 

16.2 

17.6 

13.6 

4.7 

6.4 

0.0 

0.0 

66.1 

0.0 

156.6 

1979-80 

0.0 

201.5 

0.1 

95.6 

30.7 

3.1 

28.4 

17.1 

0.8 

35.1 

1.1 

39.3 

0.0 

165.3 

1980-81 

0.0 

142.6 

4.9 

23.8 

42.9 

3.1 

1.1 

55.8 

2.1 

36.2 

0.0 

87.8 

0.0 

120.4 

1981-82 

0.0 

119.4 

17.0 

15.0 

24.6 

7.2 

35.9 

0.0 

5.4 

9.8 

1.8 

34.1 

0.0 

86.8 

1982-83 

9.9 

43.9 

111 

8.8 

18.6 

24.8 

24.8 

1.6 

3.0 

11.4 

0.2 

38.8 

0.0 

136.4 

1983-84 

0.0 

102.3 

10.4 

12.9 

23.4 

2.1 

22.0 

21.7 

3.8 

3.6 

0.0 

119.9 

0.0 

155.5 

1984-85 

0.0 

118.8 

18.6 

4.7 

21.0 

10.3 

2.4 

40.8 

6.0 

9.8 

1.1 

19.1 

1.4 

65.1 

1985-86 

7.8 

94.6 

26.7 

3.6 

9.2 

48.6 

10.6 

10.9 

3.1 

21.2 

2.5 

22.2 

0.5 

81.6 

1986-87 

0.0 

166.4 

12.0 

38.2 

7.6 

43.4 

15.5 

20.7 

1.1 

16.0 

2.0 

46.5 

0.0 

140.5 

1987-88 

0.0 

174.1 

6.4 

15.5 

22.0 

6.7 

21.9 

4.1 

2.5 

21.2 

0.0 

40.8 

0.0 

126.6 

1988-89 

0.0 

80.6 

17.3 

2.1 

17.4 

17.1 

39.5 

2.6 

4.7 

3.1 

2.8 

19.6 

0.0 

158.6 

1989-90 

1.2 

109.0 

22.9 

16.0 

13.1 

21.2 

26.3 

16.0 

8.9 

2.6 

0.9 

34.6 

0.0 

175.7 

1990-91 

0.2 

77.0 

30.9 

0.0 

26.6 

1.0 

26.5 

21.2 

4.0 

16.5 

2.5 

18.1 

0.0 

133.8 

1991-92 

0.8 

84.7 

11.2 

25.3 

18.5 

1.0 

17.9 

11.4 

5.4 

3.1 

2.6 

43.9 

0.0 

114.7 

1992-93 

1.4 

67.2 

9.4 

42.4 

26.8 

12.9 

26.1 

4.1 

3.4 

17.1 

0.1 

26.4 

0.0 

184.5 

1993-94 

0.0 

159.7 

12.6 

47.0 

12.5 

16.0 

16.9 

16.0 

4.9 

14.5 

2.5 

48.6 

0.0 

158.1 

1994-95 

2.0 

103.3 

24.1 

5.2 

24.7 

4.7 

25.2 

3.6 

3.4 

18.1 

5.1 

21.2 

0.0 

178.3 

1995-96 

0.0 

150.4 

16.8 

14.0 

21.0 

6.2 

37.2 

0.5 

5.2 

0.5 

0.3 

35.7 

0.0 

155.0 

1996-97 

13.4 

51.7 

19.7 

4.1 

28.6 

0.5 

25.8 

14.5 

0.0 

36.2 

2.1 

2.1 

0.0 

148.3 

1997-98 

0.6 

57.4 

6.3 

39.8 

22.6 

5.2 

Mean 

1.6 

114.8 

15.3 

21.1 

21.7 

11.2 

22.5 

15.4 

4.0 

16.4 

1.6 

37.5 

0.1 

134.5 

St.  Dev. 

3.4 

42.6 

8.2 

22.2 

7.6 

12.2 

11.0 

17.0 

2.2 

15.5 

1.3 

24.7 

0.3 

32.0 
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Freezing  Degree-Days  (°C) 


Figure  12.  Seasonal  varia¬ 
tion  of  freezing  and  thaw¬ 
ing  degree-days  for  1974- 
1997  for  four  locations  on 
Cook  Inlet. 


Figure  13.  Season  total 
FDDs  for  Anchorage, 
Alaska.  The  1948-1982 
data,  reported  by  LaBelle 
et  al.  (1 983),  are  compared 
with  those  for  1974-1997 
obtained  for  this  study 
from  Air  Force  Combat 
Climatology  Center 
(AFCCC).  Opposite  trends 
in  mean  temperature  are 
evident. 
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creation  of  more  accurate,  detailed,  and  consistent  re¬ 
ports  (Page  1997).  He  has  developed  a  network  of  re¬ 
liable  observers  upon  whom  he  regularly  calls  to  verify 
remote  sensing  information.  In  addition  to  five-day 
forecasts,  the  NWS  in  Anchorage  issues  year-round 
graphic  analyses  of  current  sea  ice  conditions  and  sea 
surface  temperatures.  Scheduled  sea  ice  analyses  and 
five-day  sea  ice  forecasts  are  produced  Monday, 
Wednesday,  and  Friday,  and  a  sea  surface  tempera¬ 
ture  chart  of  Alaskan  waters  is  produced  each  Tues¬ 
day  and  Thursday.  Annotated  satellite  analyses  of  sea 
surface  temperatures  and  sea  ice  are  produced  when 
clear  skies  allow  these  features  to  be  observed.  These 
latest  products  are  available  for  viewing  at  their 
Internet  website.*  Visual  and  infrared  images  from  Ad¬ 
vanced  Very  High  Resolution  Radiometer  (AVHRR) 
sensors  aboard  several  satellites  are  received  directly 
by  the  Anchorage  NWS.  Images  from  satellite -borne 
Special  Sensor  Microwave/Imager  (SSM/I)  and  syn¬ 
thetic  aperture  radar  (SAR)  are  also  available  through 
the  National  Ice  Center  or  the  University  of  Alaska 
Fairbanks  after  signal  processing  routines  for  ice  ap¬ 
perception  are  executed  by  these  agencies. 

Winter’s  extended  darkness  and  low  sun  angles  dur¬ 
ing  daylight  hours  make  visual  images  difficult  to  in¬ 
terpret.  The  most  reliable  imagery  for  interpreting  ice 
conditions  during  the  winter  when  sun  angles  are  low 
is  infrared.  SSM/I  and  SAR  images  are  not  available 
directly  and  require  special  processing  and  interpreta¬ 
tion,  which  makes  them  inconvenient  for  regular  op¬ 
erational  use.  Ground-level  inspection  of  Turnagain 
Arm  conditions,  for  example,  has  on  several  occasions 
revealed  open  water  when  these  images  implied  an 
ice  cover.  The  majority  of  NWS  winter  analyses  are 
based  on  AVHRR  infrared  images  of  about  1-km  re¬ 
solution.  Conditions  perceived  from  this  imagery  are 
verified  whenever  possible  with  ground-level  inspec¬ 
tion  and  observer  reports  at  the  Port  of  Anchorage, 
Nikiski,  and  occasionally  oil  platforms  and  vessels  in 
Cook  Inlet. 

The  National  Ice  Center  (NIC)  in  Washington,  D.C., 
also  produces  routine  ice  analyses  for  Cook  Inlet  on  a 
semi-weekly  schedule  (Tuesdays  and  Fridays) 
throughout  the  ice  season.  Appendix  B  shows  an  ex¬ 
ample  of  an  ice  analysis  that  was  produced  by  the  NIC, 
along  with  their  explanatory  material  for  interpreting 
the  image.  These  analyses  generally  differ  only  slightly 
from  those  produced  by  the  NWS|.  Indeed  the  NIC 
and  NWS  ice  analysts  maintain  at  least  weekly  con¬ 
tact  to  share  data  sources  and  interpretation.  The  NIC 


*http://  www.Alaska.net/~nwsfoanc/ 

fCraig  Evanego,  National  Ice  Center,  Washington,  D.C.,  per¬ 
sonal  communication,  October  24,  2000. 


analyst  relies  primarily  on  SAR  imagery  with  a  re¬ 
solution  of  10-300  m  to  begin  developing  his  fore¬ 
casts  and  analyses  (Fig.  14).  If  the  SAR  imagery 
doesn’t  exist  or  is  ambiguous,  he  can  also  draw  upon 
AVHRR  imagery  or  the  Defense  Meteorological  Sat¬ 
ellite  Program  Operational  Linescan  System’s  (DMSP 
OLS)  visible  and  infrared  imagery  (with  a  resolution 
of  0.5-3  km).  NIC  ice  reports  are  generally  more  con¬ 
servative  than  the  NWS  reports,  reporting  somewhat 
higher  concentrations  and  older,  thicker  ice.  The  NIC’s 
entire  archive  (123  digital  images  by  the  end  of  the 
1 999-2000  season)  is  available  for  viewing  and  down¬ 
loading  at  their  website,*  whereas  only  the  single  lat¬ 
est  NWS  chart  is  similarly  available. 

Because  of  its  longevity  the  NWS  ice  analysis 
archive  was  selected  over  the  NIC  database  for  the 
mapping  of  the  sea  ice  in  Cook  Inlet.  Despite  some 
irregular  gaps  in  the  record,  673  NWS  charts  through 
the  1998-99  season  were  available  for  analysis,  an  ex¬ 
ample  of  which  is  shown  in  Figure  15.  For  example, 
no  charts  were  on  file  for  the  1985-86  season  until 
January,  there  were  only  two  charts  for  the  entire  1986- 
87  season,  and  there  were  none  for  all  of  1996.  Minor 
gaps  are  apparent  during  other  years  as  well,  and  it  is 
not  known  whether  reports  have  been  lost  or  if  none 
were  issued  during  those  periods.  The  record  is  par¬ 
ticularly  irregular  for  November  and  April,  but  this 
was  not  unexpected  for  the  months  of  freeze-up  and 
melt-out.  Because  of  this  uncertainty  in  the  data  record 
at  the  beginning  and  end  of  the  ice  season,  only  the 
NWS  ice  charts  that  were  issued  between  the  begin¬ 
ning  of  December  and  the  end  of  March  were  used. 
Accordingly  no  attempt  was  made  to  estimate  the  time 
of  onset  or  termination  of  the  ice  cover. 

Currently  the  NWS  Cook  Inlet  ice  chart  archive  is 
maintained  on  microfiche  at  the  Alaska  State  Climate 
Center  in  Anchorage.  For  this  atlas,  each  archived  chart 
was  digitally  scanned  to  create  an  image  that  could 
then  be  analyzed  quantitatively  using  GIS  software. 
Within  the  GIS  architecture,  each  image  was  rectified 
and  registered  to  a  standard  base  map  that  portioned 
Cook  Inlet  into  equal-area  grid  cells.  Numerical  values 
representing  the  particular  ice  concentration  and  stage 
of  development  were  assigned  to  each  cell.  The  data 
from  the  images  were  accumulated  into  biweekly  in¬ 
tervals,  and  statistical  operations  were  conducted  to 
show  the  mean  ice  conditions  in  terms  of  concentra¬ 
tion  and  stage  of  development,  and  the  zones  of  ice 
occurrence  probability  for  Cook  Inlet.  These  calcu¬ 
lated  data  were  used  to  produce  the  ice  maps  shown 
on  the  following  pages.  The  calculation  procedure  is 
more  fully  described  in  Appendix  C. 
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*http://www.natice.noaa.gov/ 


Figure  14.  Radarsat-1  SAR  imagery  showing  the  Forelands  area  of  Cook  Inlet  at  near  low  tide  on  De¬ 
cember  30,  1998.  The  region  appearing  stippled  along  the  East  Foreland  is  6  to  10  tenths  young  and 
first-year  thin  sea  ice.  Tidal  flats  are  visible  along  the  northern  shores  with  streaks  of  5  to  7  tenths  new 
ice  forming  just  offshore  in  Trading  Bay  and  Redoubt  Bay.  The  bright  white  specks  in  three  distinct 
rows  that  appear  in  the  water  north  of  the  Forelands  are  oil  production  platforms.  [Image  copyright  by 
Canadian  Space  Agency  (1998);  used  by  permission.] 
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Figure  15.  Example  of  a  sea  ice  analysis  chart  issued  by  the  Alaska  Region  Headquarters  of  the  Na¬ 
tional  Weather  Service.  Regions  of  similar  ice  type  are  assigned  the  same  code  letter  by  the  NWS 
forecaster,  and  a  key  is  placed  in  an  open  area  on  the  chart.  The  code  letters  may  change  from  chart  to 
chart,  as  their  purpose  is  simply  to  provide  an  abbreviated  way  to  define  the  regions  and  avoid  clutter 
on  the  report.  This  particular  analysis  was  produced  using,  among  other  tools,  the  SAR  image  shown 
in  Figure  14.  The  shaded  rectangle  shows  the  image  footprint  over  the  Inlet. 
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4  EXPECTED  ICE  CONDITIONS 


The  following  Map  Set  1  shows  the  mean  ice  con¬ 
ditions  for  the  period  of  record  (January  1986  to  April 
1999)  for  each  biweekly  interval  between  1  Decem¬ 
ber  and  3 1  March.  These  were  calculated  simply  from 
the  arithmetic  mean  of  ice  concentration  and  stage  of 
development.  Map  Set  2  shows  the  probability  of  oc¬ 
currence  of  any  ice,  regardless  of  concentration  or  stage 
of  development,  and  shows  the  0%,  >25-50%,  >50- 
75%,  and  >75-100%  zones  of  ice  occurrence  prob¬ 
ability.  Map  Set  3  shows  the  same  zones  of  probabil¬ 
ity  of  ice  occurrence  but  for  ice  of  at  least  5/10ths 
concentration.  The  process  by  which  these  maps  were 
derived  is  explained  in  Appendix  C. 

The  use  of  the  different  map  sets  depends  on  the 
particular  application  of  interest.  The  most  compre¬ 
hensive  information  is  contained  in  Map  Set  1 ,  which 
shows  two  different  ice  variables:  mean  ice  concen¬ 
tration  (indicated  by  color)  and  mean  stage  of  devel¬ 
opment  (indicated  by  hatching  pattern).  Concentration 
is  a  relative  measure  of  the  water  surface  that  is  actu¬ 
ally  covered  with  ice.  Stage  of  development  provides 
a  general  indication  of  the  ice  thickness  and  its  integ¬ 
rity,  or  strength.  Both  conditions  are  important  and 
necessary  for  mariners  who  need  to  know  whether  a 
particular  region  might  be  navigable  at  a  particular 
time  during  an  average  ice  year. 

Map  Sets  2  and  3  show  only  the  probabilities  of  ice 
occurrence,  without  respect  to  its  stage  of  develop¬ 
ment.  By  extension,  they  indicate  the  extreme  mini¬ 
mum  and  maximum  regions  of  ice  extent  for  two  ice 
concentration  levels.  For  example,  an  interest  in  know¬ 
ing  where  in  Cook  Inlet  any  ice  has  occurred,  regard¬ 
less  of  concentration,  would  require  the  use  of  Map 
Set  2.  The  extreme  limit  of  occurrence  of  any  ice  is 
denoted  by  the  boundary  between  the  0%  occurrence 
and  the  >0-25%  occurrence.  In  other  words,  during 
the  most  severe  ice  year,  the  maximum  extent  of  ice 


would  be  encountered  near  this  boundary.  Similarly, 
the  regions  with  the  highest  likelihood  of  any  ice  are 
indicated  by  the  >75-100%  occurrence  zones.  These 
zones  are  highly  probable  of  having  ice,  even  during 
the  least  severe  ice  years. 

Map  Set  3  shows  the  same  probability  zones  of  oc¬ 
currence  but  for  a  more  severe  ice  condition,  that  of  at 
least  5/10ths  concentration.  Certain  applications  of  in¬ 
terest  may  depend  not  simply  on  the  mere  presence  of 
any  ice,  but  may  require  the  additional  knowledge  of 
its  concentration.  For  example,  certain  vessel  naviga¬ 
tions  may  be  affected  only  when  ice  concentrations 
are  5/10ths  or  greater,  and  certain  behaviors  of  marine 
animals,  fish  stocks,  and  waterfowl  may  be  similarly 
dependent.  As  with  Map  Set  2,  during  a  very  severe 
ice  year,  5/10ths  ice  concentration  may  be  encoun¬ 
tered  at  the  boundary  between  0%  and  >0-25%  oc¬ 
currence.  Likewise,  during  minimum  ice  years,  5/10ths 
or  greater  ice  concentrations  are  very  likely  to  occur 
within  the  >75-100%  occurrence  zones. 

It  is  important  to  remember  that  these  maps  were 
developed  from  ice  charts  that  the  NWS  constructed 
using  a  combination  of  remote  sensing  observations 
and  visual  reports.  While  the  NWS  uses  a  wide  range 
of  available  tools  to  construct  their  charts  as  accurately 
as  possible,  that  accuracy  is  limited  by  the  amount  and 
resolution  of  the  available  data.  For  example,  small 
amounts  of  ice  could  exist  outside  the  0%  probability 
boundary,  because  these  amounts  may  have  been  too 
small  to  be  observed  visually  or  detected  by  remote 
sensing  during  the  initial  NWS  analysis.  The  follow¬ 
ing  maps  are  therefore  not  meant  for  actual  naviga¬ 
tion  or  for  any  other  purpose  upon  which  their  accu¬ 
racy  may  be  relied  for  the  safety  of  life  or  property. 
They  are  simply  statistical  representations  of  the  ice 
conditions  as  reported  by  the  NWS  for  the  period  of 
record. 
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Map  Set  1.  Mean  ice  concentration  and  stage  of  development  for 
Cook  Inlet  for  the  specified  time  period  (December  through  March). 
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Map  Set  2.  Probability  of  occurrence  for  ice  of  any  stage  of  devel¬ 
opment  and  ice  of  any  concentration  for  Cook  Inlet  (December 
through  March). 
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Map  Set  3.  Probability  of  occurrence  for  ice  of  any  stage  of 
development  and  ice  of  at  least  5/10ths  concentration  for  Cook 
Inlet  (December  through  March). 
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5  OCEANOGRAPHY 


5.1  Bathymetry 

The  bottom  topography  of  Cook  Inlet  is,  in  gen¬ 
eral,  extremely  rugged,  with  dramatic  changes  in  el¬ 
evation.  It  has  many  relatively  deep  locations  adja¬ 
cent  to  shoals  (Fig.  16).  However,  the  depth  of  the 
Inlet  is  generally  less  than  73  m  (40  fathoms).  Near 
the  mouth  of  the  Inlet,  the  bottom  drops  away  steeply 
to  a  general  depth  of  183-366  m  (100-200  fathoms) 
near  the  Barren  Islands. 

Significant  portions  of  Knik  and  Turnagain  Arms 
are  exposed  at  low  tide.  Several  extensive  tidal  flats 
are  located  in  the  Head  and  Upper  Inlet  (Fig.  17).  The 
largest  of  these  are  the  Susitna  Flats,  near  the  mouth 
of  the  Susitna  River;  Potter  Flats,  south  of  the  city  of 
Anchorage;  Chickaloon  Flats,  east  of  Point  Posses¬ 
sion;  and  Palmer  Hay  Flats,  at  the  northern  end  of  Knik 
Arm. 

Of  the  many  rivers  that  discharge  into  the  Inlet,  three 
contribute  about  70%  of  its  total  freshwater  input. 
These  are  the  Knik,  Matanuska,  and  Susitna  Rivers, 
and  all  find  their  way  into  the  Upper  Inlet  via  the 
Susitna  Lowland.  These  rivers  are  the  outwash  drain¬ 
ages  for  large  glaciers,  and  consequently  each  trans¬ 
ports  a  heavy  burden  of  sediment,  especially  during 
the  summer  months,  when  discharge  volume  is  high. 
The  surface  waters  draining  into  Knik  Arm  deposit  a 
total  of  20  million  tons  of  sediment  per  year,  while  the 
annual  sediment  discharge  into  Turnagain  Arm  is  only 
about  3  million  tons  (Gatto  1976).  Because  of  the  vol¬ 
ume  of  sediment  delivered,  the  southern  third  of  Knik 
Arm,  which  serves  as  the  shipping  approach  to  the 
Port  of  Anchorage,  is  only  about  18-36  m  (10-20  fath¬ 
oms)  deep  mid-channel.  At  the  entrance  to  Knik  Arm 
lies  a  stable  shoal  with  a  mean  lower  low  water 
(MLLW)  depth  of  8.5  m  (28  ft)  over  which  deep-draft 
traffic  to  and  from  Anchorage  must  pass  during  high 


tide.  The  U.S.  Army  Corps  of  Engineers  excavates 
about  172,000  m3  of  silt  from  the  Port’s  maneuvering 
area  each  year  to  maintain  -35  ft  MLLW  level 
(USACE  1993). 

Between  the  Forelands  the  water  reaches  a  depth 
of  124  m  (68  fathoms).  The  channels  to  the  east  and 
west  of  Kalgin  Island  attain  depths  of  73  and  121  m 
(40  and  66  fathoms),  respectively.  Similar  depths  are 
not  found  elsewhere  north  of  the  50-fathom  isoline 
(NOS  1997).  South  of  the  50-fathom  contour,  the  bot¬ 
tom  drops  away  steadily  such  that  the  three  entrances 
to  Cook  Inlet  have  depths  exceeding  183  m  (100  fath¬ 
oms). 

5.2  Currents  and  tides 

Throughout  the  year  the  strong  Alaska  Current 
trends  northwesterly  along  the  Canadian  and  Alaskan 
coastlines,  bringing  southern  waters  to  the  Cook  Inlet 
region.  This  marine  water  enters  the  Inlet  via  the 
Stevenson  and  Kennedy  Entrances  and  mixes  to  vary¬ 
ing  degrees,  depending  on  the  season  and  meteoro¬ 
logical  conditions,  with  the  fresh  water  draining  from 
the  land  and  mountains  surrounding  the  Inlet.  The  in¬ 
coming  ocean  water  is  relatively  clear  and  saline  com¬ 
pared  to  the  outflowing  surface  drainage.  During  the 
summer  months,  melting  snow  and  surface  runoff 
cause  a  net  freshwater  outflow  of  more  than  100,000 
m3/s  from  the  Inlet  to  the  Gulf  of  Alaska.  During  the 
winter  months,  low  air  temperatures  and  the  produc¬ 
tion  of  ice  shrink  the  volume  and  velocity  of  river  run¬ 
off  substantially.  The  mean  and  extreme  flow  volumes 
for  the  three  largest  rivers  emptying  into  the  Upper 
Inlet  are  shown  in  Table  7.  River  sediment  delivery 
diminishes  during  the  low-flow  period,  and  the  Inlet’s 
outflow  becomes  equal  to  its  inflow  (Murphy  et  al. 
1972).  This  hydrologic  exchange,  superimposed  on  re- 
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Figure  17.  Tidal  mudflats  in  Upper  Cook  Inlet  and  the  Head  Region.  (After  Raney  1993.) 
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Table  7.  Stream  flow  data  for  the  Matanuska,  Knik,  and  Susitna  Rivers. 
(After  USACE  1993,  p.  22.) 


Minimum 

Average 

Maximum 

flow 

flow 

flow 

River 

Gauge  location 

(m3/s) 

(m3/s) 

(m3/s) 

Matanuska 

Palmer 

6.68 

108.3 

2,324.8 

Knik 

7  mi  S.  of  Palmer 

7.36 

19.5 

10,166.8 

Susitna 

1.5  mi  downstream  of 
Yentna  River  confluence 

141.6 

1,436.8 

8,834.9 

ciprocating  tidal  currents,  follows  the  counterclock¬ 
wise  net  circulation  pattern  shown  in  Figure  18.  The 
warmer  and  clearer  oceanic  water  moves  up  the  Kenai 
Peninsula  side  of  the  Inlet,  while  the  cold  and  sedi¬ 
ment-laden  fresh  water  flows  toward  the  Gulf  along 
the  western  side.  Mean  background  currents  (i.e.,  those 
superimposed  on  tidal  flow)  are  dominated  by  meteo¬ 
rological  events  with  time  scales  on  the  order  of  3-4 
days  (Muench  et  al.  1978)  and  are  strongest  on  the 
western  side  of  the  Inlet.  Although  the  background 
currents  near  the  surface  have  greater  velocities  than 
those  deeper,  they  are  still  an  order  of  magnitude 


weaker  than  the  tidal  currents.  The  southward  net  flow 
attains  its  peak  intensity  of  about  0.2  m/s  (0.4  knots) 
in  summer  and  its  minimum  of  about  0.1  m/s  (0.2 
knots)  in  winter.  At  the  same  time  the  net  flow  of  sa¬ 
line  Gulf  water  on  the  eastern  side  moves  northward 
at  0.02-0.05  m/s  (0.04-0. 1  knots)  to  replace  the  west¬ 
ern  outflow  (Weingartner  1992).  Between  these  op¬ 
posing  flows  is  a  shear  zone  in  which  a  portion  of  the 
northward  inflow  is  continually  being  drawn  into  the 
southward  outflow.  This  summer  flow  pattern  for 
Lower  Cook  Inlet  is  illustrated  in  Figure  19. 

The  Lower  Inlet  tends  to  be  stratified  in  both  tem- 


Figure  18.  General  surface  circulation  pattern  in  Cook  Inlet.  (After  USACE  1993.) 
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Figure  19.  Summer  surface  circulation  pat¬ 
tern  in  Lower  Cook  Inlet  as  proposed  by 
Muench  et  al.  (1978).  Variable  currents  are 
evident  near  the  mouth  and  in  Kamishak 
Bay.  The  10-  and  50-fathom  isobaths  are 
indicated  by  the  dashed  lines. 


perature  and  salinity.  During  summer,  water  on  the 
western  side  is  more  distinctly  stratified  than  on  the 
eastern  side,  with  warmer,  fresher  Inlet  waters  over- 
lying  the  colder,  saltier  oceanic  water.  North  of  the 
Forelands  the  water  column  is  uniformly  mixed  due 
to  turbulence  caused  by  the  large  tidal  range  and  high 
current  velocities  over  relatively  shallow  basin  depths. 
While  the  entire  water  column  mixes  vertically  with 
each  tidal  cycle  in  the  Upper  Inlet,  this  is  not  the  case 
horizontally.  In  the  Upper  Inlet,  incoming  water  still 
tends  to  move  northward  along  the  eastern  side,  while 
fresher,  more  turbid  water  flows  southward  out  along 
the  western  side. 

Southward  net  flow  follows  the  western  shore  in  the 
Upper  Inlet,  around  both  the  east  and  west  sides  of  Kalgin 
Island  and  along  the  western  half  of  the  Lower  Inlet. 
The  net  southward  flow  splits  at  Augustine  Island,  with 
a  branch  diverting  through  Kamishak  Bay  before  rejoin¬ 
ing  the  main  flow  off  Cape  Douglas.  The  net  southward 
flow  then  exits  the  Inlet  via  Shelikof  Strait  (Rappeport 
1982).  Maintained  in  suspension  by  tidal  currents,  fine 
clay-  and  silt-sized  sediment  particles  are  primarily  trans¬ 
ported  out  of  the  Inlet  through  Shelikof  Strait  to  the  Aleu¬ 
tian  Trench  beyond  Kodiak  Island. 

The  tides  dominate  gross  circulation  and  turbulent 
intensity  in  the  Inlet.  According  to  Gatto  (1976)  the 
tidal  regimes  of  the  Upper  and  Lower  Inlet  are  differ¬ 
ent  and  both  quite  complex.  Tidal  predictions  at  An¬ 


chorage  are  derived  from  computations  using  114  fre¬ 
quency  constituents,  more  than  any  other  tidal  station 
in  the  U.S.  (Smith  2000). 

The  tidal  currents  in  Upper  Cook  Inlet  are  rectilin¬ 
ear  or  reversing.  That  is,  the  changing  tides  are  marked 
by  a  period  of  slack  water,  or  no  current,  before  accel¬ 
erating  in  the  opposite  direction.  In  the  Lower  Inlet 
the  tidal  currents  are  classified  as  rotary  in  that  they 
never  completely  go  slack  between  ebb  and  flood  tides. 
Instead  they  diminish  at  low  and  high  water  and  change 
direction  while  rotating  around  to  the  opposite  direc¬ 
tion  (Gatto  1976).  In  general,  maximum  tidal  currents 
are  1.0-1. 5  m/s  (2-3  knots)  in  the  Lower  Inlet,  in¬ 
creasing  to  over  2  m/s  in  the  Upper  Inlet.  According 
to  AEIDC  (1974),  tidal  currents  range  from  0.5  to  3. 1 
m/s  (1  to  6  knots)  and  average  2.0  m/s  (3.8  knots)  be¬ 
tween  the  East  and  West  Forelands,  the  narrowest  point 
of  the  Inlet.  Spring  tides*  can  result  in  4.1 -m/s  (8- 
knot)  tidal  currents  near  constrictions,  such  as  between 
the  Forelands,  between  Harriet  Point  and  the  south 


*So  named,  not  because  of  the  time  of  year  in  which  they  oc¬ 
cur,  but  because  the  tides  seem  to  leap  or  “spring”  higher  dur¬ 
ing  those  times  of  the  month  when  the  sun  and  moon  are  aligned. 
Conversely,  when  the  moon  is  perpendicular  to  the  alignment 
of  the  earth  and  sun,  “neap  tides,”  that  is,  the  smallest  tides  of 
the  month,  occur. 
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Tidal  Range 


Mean  Diurnal 


Map 


Site 

Location 

(m) 

(ft) 

(m) 

(ft) 

Ushagat  Island 

1 

3.47 

11.4 

4.18 

13.7 

Nordyke  Island 

2 

3.93 

12.9 

4.63 

15.2 

Port  Chatham 

3 

3.63 

11.9 

4.36 

14.3 

Oil  Bay 

4 

3.84 

12.6 

4.24 

13.9 

Homer 

5 

4.79 

15.7 

5.52 

18.1 

Snug  Harbor 

6 

4.02 

13.2 

4.79 

15.7 

Ninilchik 

7 

5.09 

16.7 

5.82 

19.1 

Drift  River  Terminal 

8 

4.69 

15.4 

5.52 

18.1 

Kenai  River 

9 

5.39 

17.7 

6.31 

20.7 

North  Foreland 

10 

5.58 

18.3 

6.40 

21.0 

Anchorage 

11 

7.89 

25.9 

8.78 

28.8 

Sunrise 

12 

9.24 

30.3 

10.15 

33.3 

Figure  20.  Tidal  ranges  at  various  locations  around  Cook  In¬ 
let.  The  mean  tidal  range  is  the  difference  in  height  between 
the  mean  high  water  and  the  mean  low  water  levels.  The  diur¬ 
nal  tidal  range  is  the  difference  between  the  mean  higher  high 
water  and  the  mean  lower  low  water  levels. 
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end  of  Kalgin  Island,  and  at  the  mouths  of  Knik  and 
Tumagain  Arms  (NOS  1994,  Nelson  1995).  All  of 
Tumagain  Arm  experiences  very  strong  currents,  and 
the  tide  often  comes  in  as  a  tidal  bore  with  a  wave 
height  of  up  to  1.8  m  (6  ft)  (NOS  1994). 

The  extreme  tidal  changes  that  occur  in  Cook  Inlet 
are  exceeded  in  magnitude  only  by  those  occurring  in 
the  Bay  of  Fundy  in  eastern  Canada.  The  phenomenon 
is  mainly  due  to  resonance.  That  is,  the  Inlet  water’s 
natural  period  of  oscillation  closely  matches  that  of  the 
astronomical  tides  (Raney  1993,  Pearce  et  al.  1999).  The 
tides  are  semi-diurnal  in  that  there  are  two  high  and  two 
low  tides  of  unequal  height  (a  “diurnal  inequality”)  in 
each  lunar  day  of  24  hours  and  50  minutes.  From  the 
entrance  to  the  head  of  the  Inlet,  there  is  a  4.5-hour  lag 


in  water  level  response  to  the  tides.  The  tidal  range  var¬ 
ies  greatly  depending  on  location,  as  shown  in  Figure 
20.  From  north  to  south  the  mean  water  level  fluctua¬ 
tion  varies  from  3 .47  m  ( 1 1 .4  ft)  at  Kennedy  Entrance  to 
7.89  m  (25.9  ft)  at  Anchorage.  The  greatest  tidal  ranges 
occur  during  spring  tides,  when  the  mean  ranges  are 
exceeded  by  more  than  1.5  m  (5  ft).  Extreme  tidal 
ranges  at  the  upper  ends  of  Knik  and  Tumagain  Arms 
are  as  high  as  12  m  (39.4  ft)  (Rappeport  1982,  Nelson 
1995).  Large  east-to-west  tidal  differences  are  caused 
by  the  Coriolis  effect,  which  produces  higher  tide  lev¬ 
els  along  the  eastern  shoreline.  For  example,  the  mean 
tidal  range  is  3.84  m  (12.6  ft)  at  Oil  Bay  and  4.79  m 
(15.7  ft)  at  Homer,  which  are  equal  in  latitude  but  on 
opposite  sides  of  the  Inlet. 


58 


6  CLIMATOLOGY 


Alaska  experiences  four  distinct  climatic  zones 
(AEIDC  1974) — Arctic,  Continental,  Transition,  and 
Maritime  (Fig.  21).  While  the  weather  conditions  in 
each  zone  can  vary  dramatically  from  normal,  the 
zones  can  be  characterized  by  general  patterns.  Me¬ 
teorological  conditions  in  the  Arctic  zone  (extending 
from  the  Brooks  Range  northward  to  the  Arctic  Ocean) 
are  primarily  influenced  by  the  inflow  of  cold,  polar 
air  masses.  Winds  along  the  northern  coast  are  strong 
but  diminish  with  distance  inland. 

Most  of  interior  Alaska  is  Continental  in  climate. 
This  region  is  distant  from  ocean  waters,  so  the  cli¬ 
mate  is  drier  and  air  temperatures  fluctuate  consider¬ 
ably  more,  both  seasonally  and  diumally.  Summer  tem¬ 
peratures  are  generally  quite  high,  while  winter 
temperatures  can  be  extremely  low.  Precipitation  and 
winds  are  relatively  light. 

The  weather  in  the  Maritime  zone  is  dominated  by 
the  presence  of  nearby  ocean  waters.  Air  temperatures 
are  moderated  year-round  by  the  proximity  of  oce¬ 
anic  water.  Because  of  the  enormous  heat  capacity  of 
the  nearby  ocean  waters,  summer  air  temperatures  are 
lower  and  winter  temperatures  are  significantly  higher 
than  in  areas  that  are  more  inland.  In  addition,  the  ocean 
acts  as  a  large  source  of  moisture,  resulting  in  much 
more  precipitation  along  the  coast  as  rain  in  summer 
and  snow  in  winter,  especially  in  windward,  higher- 
elevation  areas.  A  maritime  climate  is  also  character¬ 
ized  as  having  persistently  strong  surface  winds. 

The  Transition  zone  is  generally  the  narrow  region 
between  the  Continental  and  Maritime  zones,  where 
the  climatic  conditions  are  something  between  the  two 
sets  of  conditions  that  exist  in  the  adjacent  zones.  Cook 
Inlet  predominantly  experiences  a  Maritime  climate; 
however,  the  blocking  effect  of  the  Kenai  Peninsula 


and  its  mountains  produces  a  more  Transition-type  cli¬ 
mate,  especially  in  the  upper  reaches  of  the  Inlet.  In 
addition,  weather  patterns  and  climate  within  the  Cook 
Basin  are  affected  by  the  warm  Alaska  Current;  the 
shallow  bathymetry  of  the  Inlet;  its  high  tidal  varia¬ 
tion  and  fast  currents;  and  the  Inlet’s  high  north-to- 
south  salinity  gradient.  These  conditions  prevent  an 
intact  ice  cover  from  forming  over  the  Inlet  during 
winter.  The  broken  ice  cover  and  newly  forming  ice 
release  heat  from  the  water  to  the  atmosphere,  thus 
moderating  the  climate. 

6.1  Source  and  description  of  climatological  data 
for  Cook  Inlet 

The  meteorological  information  presented  in  this 
report  was  extracted,  summarized,  and  supplied  to  us 
by  the  Air  Force  Combat  Climatology  Center 
(AFCCC)  in  Asheville,  North  Carolina.  The  stations 
selected  for  this  study  are  the  “first-order”  NWS  sta¬ 
tions  in  the  vicinity  of  Cook  Inlet.  First-order  sites  rou¬ 
tinely  record  station  parameters  on  an  hourly  basis 
throughout  the  year.  Three  of  these  stations — Anchor¬ 
age,  Kenai,  and  Homer — lie  along  Cook  Inlet’s  east¬ 
ern  coastline,  and  the  fourth — Kodiak — is  located  on 
an  island  in  the  Gulf  of  Alaska.  Unfortunately,  there 
are  no  first-order  stations  along  the  Inlet’s  western 
coast  from  which  to  obtain  comparable  long-term  me¬ 
teorological  records.  The  stations  are  listed  and  de¬ 
scribed  in  Table  8. 

Summary  data  for  the  four  stations  were  compiled 
by  AFCCC  for  January  1973  to  December  1997. 
Monthly  means,  extremes,  and  occurrence  frequen¬ 
cies  for  air  temperature,  wind  speed,  wind  direction, 
and  sea  level  pressure  are  shown  in  Appendices  D,  E, 
and  G. 
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Table  8.  Location  and  description  of  first-order  Cook  Inlet  meteorological  stations  used  in  this 
study. 


Station  name 

Latitude 

(N) 

Longitude 

(W) 

Elevation 

(masl*) 

Period  of 
record 

No.  of 
observations 

Anchorage  International  Airport 

61°  10' 

O 

o 

O 

39.9 

Jan.  1,  1973- 
Dec.  31,1997 

213,864 

Kenai  Municipal  Airport 

60°  34' 

151°  15' 

29.0 

Jan.  1,  1973- 
Dec.  31,1997 

207,577 

Homer  Municipal  Airport 

L/1 

o 

oo 

o 

© 

22.0 

Jan.  1,  1973- 
Sep.  30,  1997 

190,791 

Kodiak 

57°  45' 

152°  30' 

34.1 

Jan.  1,  1973- 
Dec.  31,1997 

207,669 

*Meters  above  sea  level. 


6.2  Station  climatologies 

6.2. 1  Anchorage  International  Airport 

Anchorage  International  Airport,  the  most  north¬ 
ern  weather  station  polled  for  this  study,  is  located  near 
the  northern  end  of  Cook  Inlet,  where  it  branches  into 
Knik  and  Tumagain  Arms.  Nearly  3.2  km  equidistant 
from  the  Inlet  on  three  sides  (north,  west,  and  south), 
Anchorage  is  situated  in  open,  gradually  up-sloping 
terrain  characterized  by  marshes,  shallow  depressions, 
low  knolls,  and  glacial  moraine.  Anchorage  is  consid¬ 
ered  to  have  a  Transition-type  climate  but  is  the  most 
Continental  of  the  four  stations  used  in  this  study.  Ap¬ 
proximately  16  km  to  the  east,  the  broad  valley  en¬ 
closing  Cook  Inlet  Basin  rises  abruptly  to  the  1,500- 
3,000-m-  (5,000-1 0,000-ft-)  high  summits  of  the 
northeast-to-southwest-trending  Chugach  Mountains. 
The  range  inhibits  the  inflow  of  moist,  maritime  air 
from  the  Gulf  of  Alaska,  so  that  precipitation  in  the 
Anchorage  area  is  only  10-15%  that  of  the  region  on 
the  Gulf  of  Alaska  side  of  the  mountains  (NCDC 
2000a).  For  example,  the  mean  annual  precipitation 
for  Anchorage  is  40  cm,  whereas  it  is  445  cm  just  52 
km  to  the  southeast,  at  Whittier  on  Prince  William 
Sound.  Approximately  160  km  from  Anchorage,  the 
Alaska  Range  encloses  the  Inlet’s  west,  northwest,  and 
north  sides.  During  winter,  these  mountains  help  to 
shelter  the  basin  from  the  inflow  of  cold,  polar  air  from 
the  north.  Although  the  climate  of  the  Anchorage  area 
is  moderated  by  the  mountain  ranges,  the  seasonal 
changes  nevertheless  are  well  defined.  Prevailing 
winds  during  the  summer  are  from  the  south,  with  the 
months  of  April  and  September  marking  the  periods 
of  wind  shift  between  north  and  south. 

The  summer  season  is  generally  considered  to  last 
from  late  May  through  August.  The  warmest  month  is 
normally  July,  with  a  daily  high  temperature  mean  of 
19°C  and  a  daily  low  of  12°C  (Fig.  22).  The  highest 
temperature  recorded  in  each  of  June,  July,  and  Au¬ 
gust  from  1973  through  1997  was  27°C.  Winds  are 
normally  light  and  southerly  during  the  summer  in 
Anchorage.  The  mean  monthly  wind  speed  for  each 
month  ranges  between  3.0  and  3.9  m/s  (5.9  and  7.6 
knots),  with  May  and  June  having  the  highest  mean 
wind  speeds  (Fig.  22).  Similarly,  mean  monthly  maxi¬ 
mum  winds  ranged  from  5.3  to  8.5  m/s  (12.3  to  16.6 
knots),  with  May  and  June  again  having  the  strongest 
winds  and  the  lowest  frequency  occurrence  for  calm 
wind  observations  (Fig.  22).  Interestingly  May  is  also 
the  month  with  the  least  extreme  wind  speed  on  record 
(19.0  m/s;  37  knots).  Since  1973  the  highest  recorded 
wind  speed  has  been  31.9  m/s  (62  knots)  (March  and 
July).  After  May  the  occurrence  of  rain  increases  (Fig. 
22).  During  June  through  August,  only  about  5  days 
per  month  are  predominantly  clear,  and  the  mean  num¬ 


ber  of  days  per  month  with  “measurable”  precipita¬ 
tion  (0.025  cm  or  more)  is  approximately  13.  A  pre¬ 
dominantly  clear  day,  in  this  application,  is  one  in 
which  the  majority  of  that  day’s  cloud-cover  obser¬ 
vations  are  categorized  as  only  0-2  oktas  (zero  to  2/ 
8ths)  overcast.  Fifty-six  percent  of  Anchorage’s  total 
annual  precipitation  occurs  during  July,  August,  Sep¬ 
tember,  and  October  (ACRC  1997a).  The  precipita¬ 
tion  range  shown  in  the  figure  represents  the  “near¬ 
normal”  precipitation,  that  is,  the  middle  33%  of  the 
data  for  the  1961-1990  period  of  record.  The  data 
points  within  the  range  are  the  median  precipitation 
values.  Anchorage’s  growing  season  averages  124  days 
in  length,  with  the  first  frost  of  fall  occurring  on  Sep¬ 
tember  16  on  average.  The  earliest  frost  was  recorded 
on  August  16  (NOS  1994). 

Autumn  is  considered  to  last  from  early  September 
to  mid-October,  when  below-freezing  air  temperatures 
and  snowfall  become  more  frequent.  The  mean 
monthly  air  temperatures  for  September  and  October 
are  10°  and2°C,  respectively.  From  1973  through  1997 
these  two  months  experienced  mean  totals  of  2  and  1 8 
days,  respectively,  when  the  daily  low  temperature  was 
below  freezing  (Fig.  22).  On  average  the  mean  daily 
air  temperature  remains  below  freezing  after  October 
23  (NOS  1994).  Northerly  and  southerly  winds  pre¬ 
vail,  with  nearly  equal  occurrence  in  September,  and 
total  more  than  40%  of  all  observations  (see  wind  roses 
in  Appendix  E).  Some  southerly  wind  events  (post¬ 
frontal  winds  that  follow  storms  tracking  northeast¬ 
ward  out  of  the  Bering  Sea  or  Bristol  Bay)  can  achieve 
damaging  proportions  in  the  Anchorage  area.  Less- 
frequent  “Chugach”  winds,  which  arrive  from  the 
southeast,  accelerate  through  the  Chugach  Mountain 
passes,  and  funnel  down  canyon  creeks,  sometimes 
create  gusts  in  excess  of  47  m/s  (92  knots).  These  can 
cause  considerable  structural  damage.  September  has 
the  highest  total  precipitation  and  the  most  days  with 
measurable  precipitation.  Rainfall  then  drops  off  dra¬ 
matically  in  October.  Measurable  snowfall  is  rare  in 
September,  but  occasional  snowfalls  of  25  cm  or  more 
begin  occurring  in  mid-October.  The  average  date  of 
first  snowfall  is  October  15,  but  measurable  snowfall 
has  arrived  as  early  as  September  20  (NOS  1994). 

Winter  in  Anchorage  is  generally  considered  to  last 
from  mid-October  to  early  April,  when  lakes  and 
streams  are  frozen  over.  It  is  a  time  of  clear,  cold 
weather  alternating  with  mild,  cloudy  periods.  Air  tem¬ 
peratures  decrease  steadily  into  January,  when  day¬ 
time  highs  average  around  -5°C.  The  mean  nighttime 
lows  are  near  -1 1°C,  but  clear  and  cold  winter  nights 
can  approach  -30°C.  The  lowest  temperature  recorded 
from  1973  to  1997  was  -34°C.  Total  annual  freezing 
degree-days  average  1008°C-days  (1814°F-days). 
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Figure  22.  Weather  summary  for  Anchorage  International  Airport.  The  POR  is  January 
1973  to  December  1997  except  as  follows:  precipitation  (1961-1990)  (NCEP  2000),  days 
with  measurable  precipitation  (0.025  cm  or  more)  (1967-1996),  clear  days  (1973-1999), 
and  snowfall  and  snow  depth  (1953-1999).  The  precipitation  range  is  the  middle  33%  of 
the  data  for  the  30-year  POR;  the  data  points  are  median  values. 
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Figure  23.  Average  percent  possible  sunshine  at  Anchorage  Inter¬ 
national  Airport  from  1955  to  1993.  (After  ACRC  1997a.) 


North  winds  account  for  more  than  30%  of  all  obser¬ 
vations  during  October  through  March.  The  second 
most  prevalent  winds  during  this  period  are  from  the 
northeast,  accounting  for  an  additional  15%  of  obser¬ 
vations  (see  wind  roses  in  Appendix  E).  Winds  are 
normally  light,  but  strong  “Northers”  occasionally  re¬ 
sult  from  rapidly  deepening  storms  in  the  Gulf,  when 
the  Alaskan  interior  is  dominated  by  a  large,  cold  air 
mass.  Rainfall  sometimes  occurs,  but  most  precipita¬ 
tion  in  winter  is  in  a  frozen  form.  The  average  total 
snowfall  in  the  Anchorage  area  lowlands  ranges  from 
1.8  to  2.3  m  annually  (NCDC  2000a),  with  much 
greater  amounts  falling  in  the  higher  elevations  of  the 
Chugach  Range.  Winter  typically  arrives  a  month  ear¬ 
lier  and  ends  a  month  later  from  300  to  600  m  above 
sea  level  (asl).  The  snow  in  the  Anchorage  area  is  usu¬ 
ally  light  and  dry,  having  a  low  liquid  water  equiva¬ 
lent.  It  occurs  on  20-25%  of  all  midwinter  days  but 
usually  comes  in  small  daily  amounts.  Snowfall 
amounting  to  10  cm  or  more  occurs  on  only  2%  of 
those  days.  Freezing  rain  and  ice  fogs  are  rare  in  An¬ 
chorage,  but  warmer  fogs  occur  on  an  average  of  15 


days  each  winter  (NCDC  2000a).  The  depth  of  snow 
on  the  ground  rarely  exceeds  38  cm;  during  January 
and  February  it  averages  about  27  cm  (Fig.  22). 

The  mean  daily  temperature  averages  above  freez¬ 
ing  from  April  8  to  October  23  (NOS  1994).  Spring¬ 
time  conditions  begin  around  the  end  of  April  with  a 
predominance  of  warm  days  and  cool  nights  and  the 
disappearance  of  the  snow  cover.  On  average  the  last 
day  in  which  the  temperature  drops  below  freezing  is 
May  15,  but  it  has  been  as  late  as  June  6  (NOS  1994). 
March  has  the  greatest  number  of  predominantly  clear 
days  for  all  four  Cook  Inlet  stations.  April  has  the  least 
number  of  days  with  measurable  precipitation  and  the 
lowest  monthly  precipitation  for  the  year  (Fig.  22). 
Only  about  13%  of  the  annual  precipitation  total  falls 
during  March  through  May,  and  each  of  those  months 
averages  more  than  50%  total  possible  sunshine  (Fig. 
23).  The  average  last  date  of  measurable  snowfall  is 
April  14,  but  snow  has  fallen  as  late  as  May  6.  As  in 
September,  north  and  south  winds  are  equally  preva¬ 
lent  in  April  and  total  more  than  40%  of  all  observa¬ 
tions. 
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6.2.2  Kenai  Municipal  Airport 

The  town  of  Kenai  is  located  at  the  mouth  of  the 
Kenai  River,  about  30  km  south  of  the  East  Foreland 
and  about  95  km  south  of  Anchorage.  It  is  a  fishing 
town  and  a  base  of  support  for  offshore  drilling  ac¬ 
tivities  in  Cook  Inlet.  Being  closer  to  the  Gulf  of  Alaska 
by  both  air  and  water,  one  would  expect  its  climate  to 
be  more  Maritime-like  than  that  of  Anchorage.  This  is 
the  case  with  its  winds,  which  are  slightly  stronger 
and  more  consistent  from  month  to  month.  However, 
its  precipitation  and  temperature  patterns  are  similar 
to  those  of  Anchorage. 

The  daily  high  temperatures  follow  those  of  An¬ 
chorage  very  closely  throughout  the  year,  and  the  daily 
lows  are  only  slightly  lower  than  in  Anchorage.  In 
summer,  mean  air  temperatures  in  Kenai  range  from 
about  6°C  overnight  to  17°C  during  the  day  (Fig.  24). 
The  extreme  maximum  temperature  is  30°C  and  was 
recorded  in  August.  Mean  monthly  winds  at  Kenai 
show  relatively  constant  mean  and  maximum  speeds 
throughout  the  year  (Fig.  24).  The  mean  monthly  maxi¬ 
mum  winds  are  about  15  knots  year  round,  but  for  a 
slight  dip  in  July  and  August.  The  frequency  of  calm 
wind  observations  falls  to  its  lowest  levels  during  May 
through  July  (Fig.  24).  On  average,  calm  winds  are 
twice  as  likely  year  round  to  occur  at  Kenai  as  at  An¬ 
chorage. 

Rainfall  within  the  Inlet  region  begins  to  increase 
after  June  with  the  shift  in  wind  direction  to  the  south¬ 
west  quadrant,  bringing  moisture  in  from  the  Gulf  of 
Alaska.  The  mean  annual  precipitation  total  at  Kenai 
is  43  cm,  with  September  again  having  the  highest 
monthly  mean  (Fig.  24).  The  number  of  days  per  month 
with  measurable  precipitation  peaks  in  September. 
However,  the  number  of  predominantly  clear  days  per 
month  remains  relatively  constant  all  year  round,  rang¬ 


ing  only  between  7  and  1 1  days. 

Autumn  is  the  rainy  season,  when  the  prevailing 
surface  winds  shift  around  to  the  northeast  for  the  re¬ 
mainder  of  the  year.  From  the  July  low  of  15%,  the 
frequency  of  north  and  northeast  winds  increases 
steadily  to  the  high  of  65%  in  February.  September, 
October,  and  November  frequencies  are  39,  54,  and 
62%,  respectively.  The  frequency  of  calm  wind  ob¬ 
servations  reaches  its  annual  peak  in  November,  when 
nearly  one-quarter  of  all  wind  readings  are  calm.  Al¬ 
though  snow  falls  in  lesser  amounts  in  Kenai  than  in 
Anchorage,  apparently  less  of  it  melts,  so  mean  snow 
depths  are  greater  than  those  in  Anchorage  (Fig.  24). 

Minimum  air  temperatures  during  the  coldest  part 
of  the  winter  in  Kenai  average  -13°C,  about  2.5°C 
lower  than  Anchorage.  An  extreme  minimum  tempera¬ 
ture  of  -43  °C  occurred  in  January  during  the  period 
1973-1997.  During  that  POR,  Kenai  experienced  a 
mean  annual  freezing  degree-day  total  of  1 1 68°C-days 
(2102°F-days).The  mean  monthly  frequency  of  calm 
wind  observations,  in  general,  declines  steadily 
throughout  the  winter  and  into  spring.  Monthly  pre¬ 
cipitation  levels  drop  off  in  the  late  fall  and  remain 
low  throughout  the  winter  and  spring,  as  do  the  num¬ 
ber  of  days  per  month  with  measurable  precipitation. 
Kenai’s  mean  snow  depth  exceeds  its  snowfall  from 
January  through  March. 

Springtime  arrives  along  with  warmer  days  and 
rapidly  increasing  daylight  duration.  The  driest  months 
of  the  year  are  typically  March  and  April,  which  total 
only  3.6  cm  of  the  station’s  43-cm  annual  precipita¬ 
tion  total.  The  mean  daily  air  temperature  typically 
rises  above  freezing  in  April,  and  the  mean  number  of 
days  per  month  in  which  freezing  temperatures  are 
observed  decreases  sharply  from  25  in  April,  to  9  in 
May,  to  only  1  in  June. 
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Figure  24.  Weather  summary  for  Kenai  Municipal  Airport.  The  POR  is  January  1973  to 
December  1997  except  as  follows:  precipitation  (1961-1990)  (NCEP2000),  days  with  mea¬ 
surable  precipitation  (0.025  cm  or  more)  (1967-1996),  clear  days  (1973-1999),  and  snow¬ 
fall  and  snow  depth  (1953-1999).  The  precipitation  range  is  the  middle  33%  of  the  data  for 
the  30-year  POR;  the  data  points  are  median  values. 
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6.2.3  Homer  Municipal  Airport 

The  community  of  Homer  is  located  in  the  Lower 
Cook  Inlet  region,  105  km  southwest  of  Kenai  and 
about  195  km  from  Anchorage.  Homer  Airport  is  situ¬ 
ated  at  the  head  of  Coal  Bay  on  the  northern  shore  of 
the  much-larger  Kachemak  Bay  (NCDC  2000b).  The 
coastal  shoreline  on  either  side  of  the  station  curves 
northward  so  that  water  lies  within  2  km  to  the  east, 
south,  and  west.  The  terrain  for  a  distance  of  about 
2.4  km  immediately  to  the  northwest  through  north¬ 
east  rises  gradually  to  150  m  (500  ft)  above  sea  level 
before  rising  abruptly  to  305  m  (1000  ft)  at  about  a 
distance  of  3.2  km.  The  nearest  460-m  (1500-ft)  el¬ 
evation  is  Lookout  Mountain,  which  lies  6.4  km  to 
the  north-northeast.  The  nearest  610-m  (2000-ft)  el¬ 
evation  lies  within  the  foothills  of  the  Kenai  Moun¬ 
tains,  19.3  km  to  the  southeast  and  across  Kachemak 
Bay.  The  southwest-to-northeast-trending  Kenai 
Mountains,  with  1220-  to  1830-m  (4000-  to  6000-ft) 
summit  elevations,  are  24-37  km  distant. 

Homer  enjoys  a  transitional  climate  intermediate 
to  that  of  Kenai  and  Kodiak  in  terms  of  temperature 
and  precipitation.  Mean  and  extreme  monthly  wind 
speeds  are  very  similar  to  those  at  Kenai.  Monthly  pre¬ 
cipitation  amounts  are  greater  than  at  Kenai  but  are 
still  significantly  less  than  at  Kodiak  because  of  the 
shelter  afforded  by  the  Kenai  Range.  Homer’s  total 
annual  precipitation  amounts  to  about  65  cm,  which 
is  about  half  the  amount  that  falls  on  the  Alaskan  Gulf 
side  of  the  mountains.  Being  situated  closer  to  the  mod¬ 
erating  waters  of  the  Gulf  of  Alaska,  Homer’s  diurnal 
and  seasonal  air  temperatures  are  less  dramatic  and 
variable  than  in  Anchorage.  Summers  are  cooler  and 
winters  are  warmer  than  in  Anchorage. 

During  the  warmest  months  of  July  and  August, 
daytime  highs  average  slightly  below  16°C  and  lows 
are  about  10°C  (Fig.  25).  Although  the  extreme  maxi¬ 
mum  temperature  (3 1  °C)  for  1 973-1997  was  recorded 
in  May,  July’s  extreme  high  is  27°C.  Mean  monthly 
winds  are  similar  in  magnitude  to  those  at  Kenai.  The 
monthly  maximum  wind  speeds,  excluding  gusts,  are 
relatively  consistent  from  month  to  month  at  around 
15  knots  (Fig.  25).  The  wind  speeds  are  lowest  and 
the  frequency  of  calm  winds  is  high  during  July  and 
August  (Fig.  25).  The  prevailing  wind  directions  dur¬ 
ing  June  through  August  are  west  and  southwest  (see 
wind  roses  in  Appendix  E).  However,  from  July  until 
September,  there  is  an  increasing  frequency  of  north¬ 
east  winds.  The  frequency  and  amount  of  precipitation 
begins  trending  upward  at  the  end  of  June,  typical  of 


the  entire  Cook  Inlet  region  (Fig.  25).  The  total  an¬ 
nual  precipitation  (about  65  cm),  however,  is  60% 
higher  than  in  Anchorage,  yet  the  mean  number  of  days 
per  year  with  measurable  precipitation  (144)  is  only 
23%  higher. 

On  average  the  first  frost  occurs  in  Homer  by  mid- 
September.  September  and  October  have  4  and  18 
days,  respectively,  during  which  the  mean  air  tempera¬ 
ture  never  rises  above  freezing.  The  monthly  mean  air 
temperatures  for  those  months  are  9°  and  4°C,  respec¬ 
tively  (ACRC  1997b).  Nearly  50%  of  the  winds  in 
September  are  from  the  north,  northeast,  or  east.  The 
frequency  increases  to  60%  for  October,  and  the  trend 
becomes  even  stronger  in  winter,  when  approximately 
70%  of  all  November,  December,  and  January  winds 
are  out  of  the  northeast  quadrant.  The  greatest  pre¬ 
cipitation  amounts  occur  in  autumn.  More  than  25% 
of  the  annual  total  falls  during  September  and  Octo¬ 
ber,  and  half  of  the  days  during  these  two  months  ex¬ 
perience  measurable  precipitation.  Homer’s  first  snow¬ 
fall  typically  occurs  in  late  September,  but  snowfalls 
often  change  to  rain  throughout  the  winter. 

Homer’s  winter  monthly  air  temperatures  average 
near-4°C,  some  4°C  degrees  warmer  than  in  Anchor¬ 
age.  Monthly  mean  highs  for  the  months  of  Decem¬ 
ber,  January,  and  February  are  only  slightly  below 
freezing,  and  the  mean  lows  are  -6°C.  January  is  the 
coldest  month  in  Homer,  with  a  monthly  mean  of 
-3.6°C.  The  extreme  lowest  temperature  recorded  in 
Homer  between  1973  and  1997  was  -31°C.  As  was 
mentioned,  northeast  winds  dominate  throughout  the 
winter,  and  the  wind  directions  become  more  variable 
in  the  spring.  Mean  monthly  precipitation  amounts  de¬ 
crease  steadily  throughout  the  winter  and  spring.  The 
average  annual  snowfall  is  about  140  cm,  with  the 
greatest  monthly  amounts  occurring  in  December  and 
February  (Fig.  25).  The  average  depth  of  snow  on  the 
ground  is  highest  in  February. 

March  and  April  are  characterized  by  a  rapid  de¬ 
crease  in  the  frequency  of  days  with  below-freezing 
air  temperatures  and  a  rapid  increase  in  hours  of  day¬ 
light.  The  frequency  percentage  of  wind  out  of  the 
southwest  quadrant  increases  steadily  during  Febru¬ 
ary,  March,  April,  May,  and  June  (15,  25,  36,  47,  and 
55%,  respectively).  There  is  also  a  decrease  in  the  fre¬ 
quency  of  calm  wind  observations  accompanying  this 
shift  in  wind  direction.  Monthly  precipitation  decreases 
during  the  spring,  as  does  the  frequency  of  cloudy  and 
partly  cloudy  days,  and  days  with  measurable  precipi¬ 
tation. 
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Figure  25.  Weather  summary  for  Homer  Municipal  Airport.  The  POR  is  January  1973  to 
December  1997  except  as  follows:  precipitation  (1961-1990)  (NCEP  2000),  days  with 
measurable  precipitation  (0.025  cm  or  more)  (1967-1996),  clear  days  (1973-1999),  and 
snowfall  and  snow  depth  (1953-1999).  The  precipitation  range  is  the  middle  33%  of  the 
data  for  the  30-year  POR;  the  data  points  are  median  values. 
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6.2.4  Kodiak  Airport 

The  Kodiak  weather  station  is  located  on  the  north¬ 
eastern  end  of  Kodiak  Island,  which  lies  in  the  west¬ 
ern  region  of  the  Gulf  of  Alaska,  near  the  mouth  of 
Cook  Inlet.  It  is  230  km  southwest  of  Homer  and  410 
km  from  Anchorage.  The  Shelikof  Strait,  approxi¬ 
mately  45  km  wide,  separates  it  from  the  mainland. 
The  island  is  one  of  several  that  compose  a  rugged 
complex  of  mountainous  terrain  approximately  230 
km  long  and  80  km  wide.  It  has  numerous  ponds,  lakes, 
and  interconnecting  waterways  and  a  deeply  indented 
shoreline  with  many  deep,  narrow  bays.  The 
mountaintops  range  from  600  to  1,500  m  with  abrupt 
changes  in  elevation.  The  weather  station  is  located 
on  the  U.S.  Coast  Guard  Base  Kodiak,  near  the  mouth 
of  Womens  Bay,  an  inlet  extending  westward  from 
Chiniak  Bay  (NCDC  2000c). 

The  climate  is  characteristically  maritime,  in  which 
air  temperature  is  primarily  influenced  by  the  tempera¬ 
ture  of  the  surrounding  ocean  waters.  Seasonal  and 
daily  temperature  swings  are  diminished.  The  mean 
air  temperature  closely  follows  the  sea  surface  tem¬ 
perature,  rising  slightly  above  it  during  the  warmest 
month,  August,  but  falling  below  it  again  in  Septem¬ 
ber.  Summer  high  temperatures  average  around  16°C, 
and  lows  are  near  10°C  during  July  and  August  (Fig. 
26).  The  highest  temperature  recorded  there  from  1973 
to  1997  was  28°C.  Winds  at  Kodiak  are  relatively 
strong  throughout  the  year  but  diminish  somewhat  dur¬ 
ing  the  summer  months  (Fig.  26).  Monthly  mean  and 
monthly  maximum  winds  during  June  through  August 
are  7-9  and  14-16  knots,  respectively.  The  highest 
sustained  wind  speed  during  June  through  August  for 
the  POR  was  58  knots.  Calm  winds  are  rare  but  are 
most  common  in  July,  when  they  account  for  less  than 
5%  of  all  observations  (Fig.  26).  As  is  true  for  the  other 
Cook  Inlet  stations,  the  prevailing  wind  direction  is 
highly  dependent  on  the  season.  During  late  spring 
and  summer,  there  is  a  strong  eastern  component.  More 
than  50%  of  all  May-through- July  wind  observations 
are  out  of  the  northeast-southeast  quadrant  (see 
wind  roses  in  Appendix  E).  In  August  the  winds 
begin  to  shift  more  to  the  west  and  north¬ 
west,  where  they  remain  for  most  of  the  rest 
of  the  year.  July  has  the  least  precipitation.  However, 
monthly  precipitation  amounts  vary  widely  through¬ 
out  the  year  in  Kodiak.  Figure  26  shows  three  peak 
precipitation  periods  (January,  May-June,  and  Sep- 
tember-October).  The  monthly  range  in  near-normal 
precipitation  is  large  compared  to  the  other  Cook 
Inlet  stations.  Figure  27  shows  the  monthly  precipita¬ 
tion  amounts  for  the  four  stations.  The  lesser  amounts 
for  Anchorage,  Kenai,  and  Homer  testify  to  the  shel¬ 


tering  effect  of  the  Kenai  Peninsula  and  its  mountain¬ 
ous  barrier  to  moist-air  inflow  from  the  Gulf. 

Autumn  arrives  in  early  October,  when  air  tempera¬ 
tures  begin  falling  below  the  freezing  mark  and  snow 
falls  with  increased  regularity.  On  average,  only  one 
day  in  September  experiences  a  below-freezing  tem¬ 
perature.  In  November  the  mean  daily  low  tempera¬ 
ture  falls  below  freezing  for  the  month.  Monthly  mean 
and  maximum  wind  speeds  increase  each  month, 
achieving  their  highest  levels  in  November  [5.7  and 
12.9  m/s  (11  and  25  knots),  respectively,  with  gust 
winds  excluded].  The  mean  monthly  minimum  wind 
speed  at  Kodiak  averages  about  2  m/s  (4  knots)  the 
entire  year,  which  is  twice  the  speed  as  at  the  other 
Cook  Inlet  stations.  Precipitation  amounts  increase  in 
the  fall,  similar  to  the  other  Cook  Inlet  stations.  Pre¬ 
cipitation  during  September  and  October  amounts  to 
21%  of  the  annual  total.  Interestingly  all  stations  ex¬ 
hibit  a  significant  drop  in  total  precipitation  for  the 
month  of  November,  followed  by  another  increase  in 
December. 

The  mean  monthly  maximum  temperatures  remain 
above  freezing  throughout  the  entire  winter,  while 
minimum  temperatures  average  only  2-3 °C  below 
freezing.  The  lowest  recorded  temperature  during  the 
1 973  to  1 997  POR  was  -26°C,  which  occurred  in  Janu¬ 
ary.  Wind  speeds  remain  near  the  fall  levels  through¬ 
out  the  winter.  The  maximum  sustained  wind  speed 
for  the  POR,  72  knots,  occurred  in  February.  The  ex¬ 
treme  maximum  wind  gust  recorded  at  the  Kodiak  sta¬ 
tion  was  99  knots  in  January  1950.  Gusts  of  over  50 
knots  have  occurred  during  every  month  but  are  most 
likely  to  occur  during  the  winter.  About  eight  storms 
per  year  are  accompanied  by  gusts  in  excess  of  55 
knots  (NOS  1994).  Despite  the  dip  in  precipitation 
amount  that  occurs  in  November,  51%  of  the  station’s 
annual  total  falls  during  the  September-January  pe¬ 
riod.  The  mean  number  of  days  having  measurable 
precipitation  in  Kodiak  is  nearly  60%  higher  than  in 
Anchorage,  and  most  of  Kodiak’s  precipitation  is  in 
the  form  of  rain.  Kodiak  receives  more  than  3.6  times 
Anchorage’s  amount  of  precipitation,  but  its  mean 
annual  snowfall  of  1 62  cm  is  only  about  3%  more  than 
that  of  Anchorage  (Fig.  26).  The  range  in  snowfall 
amount  from  year  to  year  is  highly  variable  in  Kodiak, 
with  an  extreme  maximum  in  1956  of  452.4  cm  and 
an  extreme  minimum  of  40.4  cm  in  1945  (NOS  1994). 

Springtime  is  accompanied  by  decreasing  wind 
speeds  and  precipitation.  The  prevailing  wind  transi¬ 
tions  to  easterly  in  May,  where  it  remains  throughout 
the  summer.  Precipitation  amounts  decrease  steadily 
during  February,  March,  and  April  before  temporarily 
increasing  in  May. 
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Figure  26.  Weather  summary  for  Kodiak  Municipal  Airport.  The  POR  is  January  1973  to 
December  1997  except  as  follows:  precipitation  (1961-1990)  (NCEP  2000),  days  with 
measurable  precipitation  (0.025  cm  or  more)  (1967-1996),  clear  days  (1973-1999),  and 
snowfall  and  snow  depth  (1953-1999).  The  precipitation  range  is  the  middle  33%  of  the 
data  for  the  30-year  POR;  the  data  points  are  median  values. 
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6.3  Duration  of  daylight 

The  duration  of  daylight  is  defined  as  the  day’s 
length  between  sunrise  and  sunset,  and  it  varies  ac¬ 
cording  to  location  on  the  earth  and  time  of  year.  Sun¬ 
rise  and  sunset  are  conventionally  considered  to  oc¬ 
cur  when  the  upper  edge  of  the  sun  is  coincident  with 
an  unobstructed  horizon,  under  average  atmospheric 
conditions  for  an  observer  at  sea  level.  However,  at 
northern  latitudes,  twilight,  when  the  sun  is  not  far 
below  the  horizon,  adds  significant  time  of  usable  light 
to  the  period  of  continuous  sunlight.  The  duration  of 
continuous  sunlight  plus  twilight  for  a  band  of  north¬ 
ern  latitudes  is  shown  in  Figure  28.  Several  represen¬ 
tative  Alaskan  locations  are  shown  for  reference.  The 


figure  shows,  for  example,  that  Anchorage  experiences 
approximately  13  hours  of  daylight  on  March  15  and 
on  October  1 . 

The  times  of  sunrise  and  sunset  at  Kenai  for  the 
year  2000  are  shown  in  Table  9,  which  was  generated 
from  a  web-based  routine  that  is  available  at  the  U.S. 
Naval  Observatory  website  (USNO  2000).  The  times 
shown  are  accurate  to  within  a  few  minutes  for  any 
other  year  of  interest.  A  random  comparison  of  dates 
throughout  the  2 1  st  century  showed  that  the  predicted 
times  of  sunrise  and  sunset  agree  to  within  three  min¬ 
utes  of  those  shown  for  the  year  2000.  At  Kenai  the 
duration  of  sunlight  ranges  from  about  5.7  hours 
around  December  21  to  19.1  hours  around  June  21. 


Figure  28.  Total  length  of  daylight  (combined  sunlight  and  twilight)  for  Alaska  locations.  (From  Selkregg 
etal.  1972) 
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Table  9.  Local  times  of  sunrise  and  sunset  at  Kenai,  Alaska,  for  the  year  2000.  The  data 

are  from  the  web  site  for  the  Astronomical  Applications  Department,  U.S.  Naval  Observatory 

(http://aa.usno.navy.mil/AA/). 

Jan.  Feb.  Mar.  Apr.  May  June 


Day 

Rise 

Set 

Rise 

Set 

Rise 

Set 

Rise 

Set 

Rise 

Set 

Rise 

Set 

01 

1013 

1605 

0923 

1715 

0803 

1833 

0628 

1951 

0458 

2108 

0348 

2219 

02 

1012 

1606 

0920 

1718 

0800 

1836 

0624 

1954 

0456 

2110 

0346 

2221 

03 

1011 

1608 

0918 

1721 

0757 

1838 

0621 

1956 

0453 

2113 

0345 

2223 

04 

1011 

1609 

0915 

1724 

0754 

1841 

0618 

1959 

0450 

2115 

0344 

2224 

05 

1010 

1611 

0913 

1726 

0751 

1843 

0615 

2001 

0447 

2118 

0342 

2226 

06 

1009 

1613 

0910 

1729 

0748 

1846 

0612 

2004 

0445 

2120 

0341 

2228 

07 

1008 

1615 

0908 

1732 

0745 

1849 

0609 

2007 

0442 

2123 

0340 

2229 

08 

1007 

1617 

0905 

1734 

0742 

1851 

0606 

2009 

0439 

2125 

0339 

2230 

09 

1006 

1619 

0902 

1737 

0738 

1854 

0603 

2012 

0437 

2128 

0338 

2231 

10 

1005 

1621 

0900 

1740 

0735 

1856 

0600 

2014 

0434 

2130 

0337 

2233 

11 

1003 

1623 

0857 

1743 

0732 

1859 

0557 

2017 

0432 

2133 

0337 

2234 

12 

1002 

1625 

0854 

1745 

0729 

1901 

0554 

2019 

0429 

2135 

0336 

2235 

13 

1001 

1627 

0852 

1748 

0726 

1904 

0551 

2022 

0427 

2138 

0336 

2236 

14 

0959 

1630 

0849 

1751 

0723 

1906 

0548 

2024 

0424 

2140 

0335 

2236 

15 

0958 

1632 

0846 

1753 

0720 

1909 

0545 

2027 

0422 

2143 

0335 

2237 

16 

0956 

1634 

0843 

1756 

0717 

1911 

0542 

2029 

0419 

2145 

0334 

2238 

17 

0954 

1637 

0840 

1759 

0714 

1914 

0539 

2032 

0417 

2148 

0334 

2238 

18 

0952 

1639 

0838 

1801 

0711 

1916 

0536 

2034 

0415 

2150 

0334 

2239 

19 

0951 

1642 

0835 

1804 

0708 

1919 

0533 

2037 

0412 

2152 

0334 

2239 

20 

0949 

1644 

0832 

1807 

0705 

1921 

0530 

2039 

0410 

2155 

0334 

2239 

21 

0947 

1647 

0829 

1809 

0702 

1924 

0527 

2042 

0408 

2157 

0334 

2239 

22 

0945 

1649 

0826 

1812 

0658 

1926 

0524 

2045 

0406 

2159 

0335 

2240 

23 

0943 

1652 

0823 

1815 

0655 

1929 

0521 

2047 

0404 

2201 

0335 

2239 

24 

0941 

1654 

0820 

1817 

0652 

1931 

0518 

2050 

0402 

2204 

0336 

2239 

25 

0939 

1657 

0817 

1820 

0649 

1934 

0515 

2052 

0400 

2206 

0336 

2239 

26 

0936 

1659 

0814 

1823 

0646 

1936 

0512 

2055 

0358 

2208 

0337 

2239 

27 

0934 

1702 

0812 

1825 

0643 

1939 

0510 

2057 

0356 

2210 

0338 

2238 

28 

0932 

1705 

0809 

1828 

0640 

1941 

0507 

2100 

0354 

2212 

0339 

2238 

29 

0930 

1707 

0806 

1831 

0637 

1944 

0504 

2103 

0353 

2214 

0340 

2237 

30 

0927 

1710 

0634 

1946 

0501 

2105 

0351 

2216 

0341 

2236 

31 

0925 

1713 

0631 

1949 

0349 

2218 

Times  are  given  for  Alaska  Standard  time;  add  one  hour  for  daylight  time,  if  and  when  in  use. 
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APPENDIX  A:  SEA  ICE  NOMENCLATURE,  ARRANGED  BY  SUBJECT 

[Courtesy  of  the  World  Meteorological  Organization  (WMO  1970)] 


1.  FLOATING  ICE:  Any  form  of  ice  found  floating 
in  water.  The  principal  kinds  of  floating  ice  are  lake 
ice ,  river  ice ,  and  sea  ice  which  form  by  the  freez¬ 
ing  of  water  at  the  surface,  and  glacier  ice  (ice  of 
land  origin)  formed  on  land  or  in  an  ice  shelf  The 
concept  includes  ice  that  is  stranded  or  grounded. 

1.1  Sea  ice:  Any  form  of  ice  found  at  sea  which  has 
originated  from  the  freezing  of  seawater. 

1.2  Ice  of  land  origin:  Ice  formed  on  land  or  in  an 
ice  shelf  found  floating  in  water.  The  concept  in¬ 
cludes  ice  that  is  stranded  or  grounded. 

1.3  Lake  ice:  Ice  formed  on  a  lake,  regardless  of  ob¬ 
served  location. 

1.4  River  ice:  Ice  formed  on  a  river,  regardless  of 
observed  location. 


2.  DEVELOPMENT 

2. 1  New  ice:  A  general  term  for  recently  formed  ice, 
which  includes  frazil  ice,  grease  ice,  slush  and 
shuga.  These  types  of  ice  are  composed  of  ice 
crystals  which  are  only  weakly  frozen  together 
(if  at  all)  and  have  a  definite  form  only  while  they 
are  afloat. 

2.1.1  Frazil  ice:  Fine  spicules  or  plates  of  ice,  sus¬ 
pended  in  water. 

2. 1 .2  Grease  ice:  A  later  stage  of  freezing  than  frazil 
ice  when  the  crystals  have  coagulated  to  form  a 
soupy  layer  on  the  surface.  Grease  ice  reflects 
little  light,  giving  the  sea  a  matt  appearance. 

2. 1 .3  Slush:  Snow  which  is  saturated  and  mixed  with 
water  on  land  or  ice  surfaces,  or  as  a  viscous 
floating  mass  in  water  after  a  heavy  snowfall. 

2.1.4  Shuga:  An  accumulation  of  spongy  white  ice 
lumps,  a  few  centimetres  across;  they  are  formed 
from  grease  ice  or  slush  and  sometimes  from 
anchor  ice  rising  to  the  surface. 


2.2  Nilas:  A  thin  elastic  crust  of  ice,  easily  bending 
on  waves  and  swell  and  under  pressure,  thrusting 
in  a  pattern  of  interlocking  “fingers”  (finger  raft¬ 
ing).  Has  a  matt  surface  and  is  up  to  10  cm  in 
thickness.  May  be  subdivided  into  dark  nilas  and 
light  nilas. 

2.2.1  Dark  nilas:  Nilas  which  is  under  5  cm  in  thick¬ 
ness  and  is  very  dark  in  colour. 

2.2.2  Light  nilas:  Nilas  which  is  more  than  5  cm  in 
thickness  and  rather  lighter  in  colour  than  dark 
nilas. 

2.2.3  Ice  rind:  A  brittle  shiny  crust  of  ice  formed  on  a 
quiet  surface  by  direct  freezing  or  from  grease 
ice,  usually  in  water  of  low  salinity.  Thickness 
to  about  5  cm.  Easily  broken  by  wind  or  swell, 
commonly  breaking  in  rectangular  pieces. 

2.3  Pancake  ice:  cf.  4.3.1. 

2.4  Young  ice:  Ice  in  the  transition  stage  between  nilas 
and  first-year  ice,  10-30  cm  in  thickness.  May 
be  subdivided  into  grey  ice  and  grey-white  ice. 

2.4.1  Grey  ice:  Young  ice  10-15  cm  thick.  Less  elas¬ 
tic  than  nilas  and  breaks  on  swell.  Usually  rafts 
under  pressure. 

2.4.2  Grey- white  ice:  Young  ice  15-30  cm  thick.  Un¬ 
der  pressure  more  likely  to  ridge  than  to  raft. 

2.5  First-year  ice:  Sea  ice  of  not  more  than  one 
winter’s  growth,  developing  from  young  ice; 
thickness  30  cm-2  m.  May  be  subdivided  into  thin 
first-year  ice  /  white  ice,  medium  first-year  ice  and 
thick  first-year  ice. 

2.5.1  Thin  first- year  ice/white  ice:  First-year  ice  30- 

70  cm  thick. 

2.5.2  Medium  first-year  ice:  First-year  ice  70-120 

cm  thick. 

2.5.3  Thick  first- year  ice:  First-year  ice  over  120  cm 

thick. 
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2.6  Old  ice:  Sea  ice  that  has  survived  at  least  one 
summer’s  melt.  Most  topographic  features  are 
smoother  than  on  first-year  ice.  May  be  subdi¬ 
vided  into  second-year  ice  and  multi-year  ice. 

2.6.1  Second- year  ice:  Old  ice  which  has  survived 
only  one  summer’s  melt.  Because  it  is  thicker 
and  less  dense  than  first-year  ice ,  it  stands  higher 
out  of  the  water.  In  contrast  to  multi-year  ice , 
summer  melting  produces  a  regular  pattern  of 
numerous  small  puddles.  Bare  patches  and 
puddles  are  usually  greenish-blue. 

2.6.2  Multi-year  ice:  Old  ice  up  to  3  m  thick  or  more 
which  has  survived  at  least  two  summers’  melt. 
Hummocks  even  smoother  than  in  second-year 
ice,  and  the  ice  is  almost  salt-free.  Colour,  where 
bare,  is  usually  blue.  Melt  pattern  consists  of 
large  interconnecting  irregular  puddles  and  a 
well-developed  drainage  system. 

3.  FORMS  OF  FAST  ICE 

3.1  Fast  ice:  Sea  ice  which  forms  and  remains  fast 
along  the  coast,  where  it  is  attached  to  the  shore, 
to  an  ice  wall,  to  an  ice  front,  between  shoals  or 
grounded  icebergs.  Vertical  fluctuations  may  be 
observed  during  changes  of  sea-level.  Fast  ice  may 
be  formed  in  situ  from  sea  water  or  by  freezing  of 
pack  ice  of  any  age  to  the  shore,  and  it  may  ex¬ 
tend  a  few  metres  or  several  hundred  kilometres 
from  the  coast.  Fast  ice  may  be  more  than  one 
year  old  and  may  then  be  prefixed  with  the  ap¬ 
propriate  age  category  (old,  second-year,  or  multi¬ 
year).  If  it  is  thicker  than  about  2  m  above  sea 
level  it  is  called  an  ice  shelf. 

3.1.1  Young  coastal  ice:  The  initial  stage  of fast  ice 
formation  consisting  of  nilas  or  young  ice ,  its 
width  varying  from  a  few  metres  up  to  100-200 
m  from  the  shoreline. 

3.2  Icefoot:  A  narrow  fringe  of  ice  attached  to  the 
coast,  unmoved  by  tides  and  remaining  after  the 
fast  ice  has  moved  away. 

3.3  Anchor  ice:  Submerged  ice  attached  or  anchored 
to  the  bottom,  irrespective  of  the  nature  of  its  for¬ 
mation. 

3.4  Grounded  ice:  Floating  ice  that  is  aground  in 

shoal  water  (cf.  stranded  ice). 

3.4.1  Stranded  ice:  Ice  which  has  been  floating  and 


has  been  deposited  on  the  shore  by  retreating 
high  water. 

3 .4.2  Grounded  hummock:  Hummocked  grounded  ice 
formation.  There  are  single  grounded  hummocks 
and  lines  (or  chains)  of  hummocks. 

Stamukha*:  A  hummock  or  ridge  of  grounded 
ice ,  typically  on  an  isolated  shoal,  formed  by 
heaping  up  of  ice  blocks. 

4.  PACK  ICE:  Term  used  in  a  wide  sense  to  include 
any  area  of  sea  ice,  other  than  fast  ice ,  no  matter 
what  form  it  takes  or  how  it  is  disposed. 

4. 1  Ice  cover:  The  ratio  of  an  area  of  ice  of  any  con¬ 
centration  to  the  total  area  of  sea  surface  within 
some  large  geographic  locale;  this  locale  may  be 
global,  hemispheric,  or  prescribed  by  a  specific 
oceanographic  entity  such  as  Baffin  Bay  or  the 
Barents  Sea. 

4.2  Concentration:  The  ratio  expressed  in  tenths  or 
oktas  describing  the  mean  areal  density  of  ice  in  a 
given  area. 

4.2.1  Compact  pack  ice:  Pack  ice  in  which  the  con¬ 
centration  is  10/10  (8/8)  and  no  water  is  vis¬ 
ible. 

4.2. 1 . 1  Consolidated  pack  ice:  Pack  ice  in  which  the 
concentration  is  10/10  (8/8)  and  the  floes  are 
frozen  together. 

4.2.2  Very  close  pack  ice:  Pack  ice  in  which  the  con¬ 
centration  is  9/10  to  less  than  10/10  (7/8  to  less 
than  8/8). 

4.2.3  Close  pack  ice:  Pack  ice  in  which  the  concen¬ 
tration  is  7/10  to  8/10  (6/8  to  less  than  7/8),  com¬ 
posed  of  floes  mostly  in  contact. 

4.2.4  Open  pack  ice:  Pack  ice  in  which  the  ice  con¬ 
centration  is  4/10  to  6/10  (3/8  to  less  than  6/8), 
with  many  leads  and  polynyas,  and  the  floes 
are  generally  not  in  contact  with  one  another. 


*This  term  does  not  appear  in  the  WMO  from  Sea  Ice  No¬ 
menclature.  The  definition  was  instead  taken  from  The  Glos¬ 
sary  of  Geology  (1980).  Bates,  R.L.  and  J.A.  Jackson  (Ed.), 
American  Geological  Institute,  Falls  Church,  VA,  p.  607. 
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4.2.5  Very  open  pack  ice:  Pack  ice  in  which  the  con¬ 
centration  is  1/10  to  3/10  (1/8  to  less  than  3/8) 
and  water  preponderates  over  ice. 

4.2.6  Open  water:  A  large  area  of  freely  navigable 
water  in  which  sea  ice  is  present  in  concentra¬ 
tions  less  than  1/10  (1/8).  There  may  be  ice  of 
land  origin  present,  although  the  total  concen¬ 
tration  of  all  ice  shall  not  exceed  1/10(1/8). 

4.2.7  Bergy  water:  An  area  of  freely  navigable  water 
with  no  sea  ice  present  but  in  which  ice  of  land 
origin  is  present. 

4.2.8  Ice-free:  No  ice  present.  If  ice  of  any  kind  is 
present,  this  term  should  not  be  used. 

4.3  Forms  of  floating  ice 

4.3.1  Pancake  ice:  Predominantly  circular  pieces  of 
ice  from  30  cm  -  3  m  in  diameter,  and  up  to 
about  10  cm  in  thickness,  with  raised  rims  due 
to  the  pieces  striking  against  one  another.  It  may 
be  formed  on  a  slight  swell  from  grease  ice , 
shuga  or  slush  or  as  a  result  of  the  breaking  of 
ice  rind,  nilas  or,  under  severe  conditions  of 
swell  or  waves,  of  grey  ice.  It  also  sometimes 
forms  at  some  depth,  at  an  interface  between 
water  bodies  of  different  physical  characteris¬ 
tics,  from  where  it  floats  to  the  surface;  its  ap¬ 
pearance  may  rapidly  cover  wide  areas  of  wa¬ 
ter. 

4.3.2  Floe:  Any  relatively  flat  piece  of  sea  ice  20  m 
or  more  across.  Floes  are  subdivided  according 
to  horizontal  extent  as  follows: 

4.3.2. 1  Giant:  Over  10  km  across. 

4.3. 2.2  Vast:  2-10  km  across. 

4.3. 2. 3  Big:  500-2,000  m  across. 

4.3.2.4  Medium:  100-500  m  across. 

4.3. 2. 5  Small:  20-100  m  across. 

4.3.3  Ice  cake:  Any  relatively  flat  piece  of  sea  ice  less 

than  20  m  across. 

4.3.3. 1  Small  ice  cake:  An  ice  cake  that  is  less  than  2 

m  across. 

4.3.4  Floeberg:  A  massive  piece  of  sea  ice  composed 


of  a  hummock ,  or  a  group  of  hummocks ,  frozen 
together  and  separated  from  any  ice  surround¬ 
ings.  It  may  float  up  to  5  m  above  sea-level. 

4.3.5  Ice  breccia:  Ice  pieces  of  different  age  frozen 
together. 

4.3.6  Brash  ice:  Accumulations  of floating  ice  made 
up  of  fragments  not  more  than  2  m  across,  the 
wreckage  of  other  forms  of  ice. 

4.3.7  Iceberg:  cf.  10.4.2. 

4.3.8  Glacier  berg:  cf.  10.4.2.1. 

4.3.9  Tabular  berg:  cf.  10.4.2.2. 

4.3.10  Ice  island:  cf.  10.4.3. 

4.3.11  Bergy  bit:  cf.  10.4.4. 

4.3.12  Growler:  cf.  10.4.5. 

4.4  Arrangement 

4.4.1  Ice  field:  Area  of pack  ice  consisting  of  any  size 
of floes ,  which  is  greater  than  10  km  across  (cf. 
patch). 

4.4. 1 . 1  Large  ice  field:  An  ice  field  over  20  km  across. 

4.4. 1.2  Medium  ice  field:  An  ice  field  15-20  km 

across. 

4.4. 1 .3  Small  ice  field:  An  ice  field  10-15  km  across. 

4.4. 1 .4  Ice  patch:  An  area  of pack  ice  less  than  10  km 

across. 

4.4.2  Ice  massif:  A  concentration  of  sea  ice  covering 
hundreds  of  square  kilometres,  which  is  found 
in  the  same  region  every  summer. 

4.4.3  Belt:  A  large  feature  of  pack  ice  arrangement, 
longer  than  it  is  wide,  from  1  km  to  more  than 
100  km  in  width. 

4.4.4  Tongue:  A  projection  of  the  ice  edge  up  to  sev¬ 
eral  kilometres  in  length,  caused  by  wind  or 
current. 

4.4.5  Strip:  Long  narrow  area  of  pack  ice ,  about  1 
km  or  less  in  width,  usually  composed  of  small 
fragments  detached  from  the  main  mass  of  ice, 
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and  run  together  under  the  influence  of  wind, 
swell  or  current. 

4.4.6  Bight:  An  extensive  crescent-shaped  indenta¬ 
tion  in  the  ice  edge ,  formed  by  either  wind  or 
current. 

4.4.7  Ice  jam:  An  accumulation  of  broken  river  ice  or 
sea  ice  caught  in  a  narrow  channel. 

4.4.8  Ice  edge:  The  demarcation  at  any  given  time 
between  the  open  sea  and  sea  ice  of  any  kind, 
whether  fast  or  drifting.  It  may  be  termed  com¬ 
pacted  or  diffuse  (cf.  ice  boundary). 

4.4.8. 1  Compacted  ice  edge :  Close,  clear-cut  ice  edge 
compacted  by  wind  or  current;  usually  on  the 
windward  side  of  an  area  of  pack  ice. 

4.4. 8.2  Diffuse  ice  edge :  Poorly  defined  ice  edge  lim¬ 
iting  an  area  of  dispersed  ice;  usually  on  the 
leeward  side  of  an  area  of  pack  ice. 

4.4. 8. 3  Ice  limit'.  Climatological  term  referring  to  the 
extreme  minimum  or  extreme  maximum  ex¬ 
tent  of  the  ice  edge  in  any  given  month  or  pe¬ 
riod  based  on  observations  over  a  number  of 
years.  Term  should  be  preceded  by  minimum 
or  maximum  (cf.  mean  ice  edge). 

4.4. 8.4  Mean  ice  edge :  Average  position  of  the  ice 
edge  in  any  given  month  or  period  based  on 
observations  over  a  number  of  years.  Other 
terms  which  may  be  used  are  mean  maximum 
ice  edge  and  mean  minimum  ice  edge  (cf.  ice 
limit). 

4.4. 8. 5  Fast-ice  edge :  The  demarcation  at  any  given 
time  between  fast  ice  and  open  water. 

4.4.9  Ice  boundary:  The  demarcation  at  any  given 
time  between  fast  ice  and  pack  ice  or  between 
areas  of pack  ice  of  different  concentrations  (cf. 
ice  edge). 

4.4.9. 1  Fast-ice  boundary :  The  ice  boundary  at  any 
given  time  between  fast  ice  and  pack  ice. 

4.4. 9.2  Concentration  boundary :  A  line  approximat¬ 
ing  the  transition  between  two  areas  of  pack 
ice  with  distinctly  different  concentrations. 


4.4.10  Iceberg  tongue:  cf.  10.4.2.3. 

5.  PACK-ICE  MOTION  PROCESSES 

5.1  Diverging:  Ice  fields  or  floes  in  an  area  are  sub¬ 
jected  to  diverging  or  dispersive  motion,  thus  re¬ 
ducing  ice  concentration  and/or  relieving  stresses 
in  the  ice. 

5.2  Compacting:  Pieces  of floating  ice  are  said  to  be 
compacting  when  they  are  subjected  to  a  converg¬ 
ing  motion,  which  increases  ice  concentration  and J 
or  produces  stresses  which  may  result  in  ice  de¬ 
formation. 

5.3  Shearing:  An  area  of  pack  ice  is  subject  to  shear 
when  the  ice  motion  varies  significantly  in  the 
direction  normal  to  the  motion,  subjecting  the  ice 
to  rotational  forces.  These  forces  may  result  in 
phenomena  similar  to  a  flaw  (q.v.). 

6.  DEFORMATION  PROCESSES 

6. 1  Fracturing:  Pressure  process  whereby  ice  is  per¬ 
manently  deformed,  and  rupture  occurs.  Most 
commonly  used  to  describe  breaking  across  very 
close  pack  ice ,  compact  pack  ice  and  consolidated 
pack  ice. 

6.2  Hummocking:  The  pressure  process  by  which  sea 
ice  is  forced  into  hummocks.  When  the  floes  ro¬ 
tate  in  the  process  it  is  termed  screwing. 

6.3  Ridging:  The  pressure  process  by  which  sea  ice 
is  forced  into  ridges. 

6.4  Rafting:  Pressure  processes  whereby  one  piece 
of  ice  overrides  another.  Most  common  in  new 
wad  young  ice  (cf.  finger  rafting). 

6.4.1  Finger  rafting:  Type  of  rafting  whereby  inter¬ 
locking  thrusts  are  formed,  each  floe  thrusting 
“fingers”  alternately  over  and  under  the  other. 
Common  in  nilas  and  grey  ice. 

6.5  Weathering:  Processes  of  ablation  and  accumu¬ 
lation  which  gradually  eliminate  irregularities  in 
an  ice  surface. 
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7.  OPENINGS  IN  THE  ICE 

7.1  Fracture:  Any  break  or  rupture  through  very 
close  pack  ice ,  compact  pack  ice ,  consolidated 
pack  ice,  fast  ice,  or  a  single  floe  resulting  from 
deformation  processes.  Fractures  may  contain 
brash  ice  and/or  be  covered  with  nilas  and/or 
young  ice.  Length  may  vary  from  a  few  metres 
to  many  kilometres. 

7.1.1  Crack:  Any  fracture  which  has  not  parted. 

7. 1 . 1 . 1  Tide  crack :  Crack  at  the  line  of  junction  be¬ 
tween  an  immovable  ice  foot  or  ice  wall  and 
fast  ice ,  the  latter  subject  to  rise  and  fall  of 
the  tide. 

7. 1.1. 2  Flaw:  A  narrow  separation  zone  between 
pack  ice  and  fast  ice ,  where  the  pieces  of  ice 
are  in  chaotic  state;  it  forms  when  pack  ice 
shears  under  the  effect  of  a  strong  wind  or 
current  along  the  fast  ice  boundary  (cf.  shear- 
ing). 

7.1.2  Very  small  lracture:  0  to  50  m  wide. 

7. 1 .3  Small  lracture:  50  to  200  m  wide. 

7.1.4  Medium  lracture:  200  to  500  m  wide. 

7. 1 .5  Large  lracture:  More  than  500  m  wide. 

7.2  Fracture  zone:  An  area  that  has  a  great  number 

of  fractures. 

7.3  Lead:  Any  fracture  or  passage-way  through  sea 

ice  which  is  navigable  by  surface  vessels. 

7.3.1  Shore  lead:  A  lead  between  pack  ice  and  the 
shore  or  between  pack  ice  and  an  ice  front. 

7.3.2  Flaw  lead:  A  passage-way  between  pack  ice 
and  fast  ice  which  is  navigable  by  surface  ves¬ 
sels. 

7.4  Polynya:  Any  non-linear  shaped  opening  en¬ 
closed  in  ice.  Polynyas  may  contain  brash  ice 
and/or  be  covered  with  new  ice,  nilas  ox  young 
ice ;  submariners  refer  to  these  as  skylights. 
Sometimes  the  polynya  is  limited  on  one  side 
by  the  coast  and  is  called  a  shore  polynya  or  by 
fast  ice  and  is  called  a  flaw  polynya.  If  it  recurs 
in  the  same  position  every  year,  it  is  called  a 
recurring  polynya. 


7.4.1  Shore  polynya:  A  polynya  between  pack  ice  and 
the  coast  or  between  pack  ice  and  an  ice  front. 

7.4.2  Flaw  polynya:  A  polynya  between  pack  ice  and 

fast  ice. 

7.4.3  Recurring  polynya:  A  polynya  which  recurs  in 

the  same  position  every  year. 

8.  ICE-SURFACE  FEATURES 

8.1  Level  ice:  Sea  ice  which  is  unaffected  by  defor¬ 
mation. 

8.2  Deformed  ice:  A  general  term  for  ice  that  has  been 
squeezed  together  and  in  places  forced  upwards 
(and  downwards).  Subdivisions  are  rafted  ice, 
ridged  ice  and  hummocked  ice. 

8.2.1  Ralted  ice:  Type  of  deformed  ice  formed  by  one 
piece  of  ice  overriding  another  (cf.  finger  raft- 
ing). 

8.2. 1 . 1  Finger  rafted  ice\  Type  of  rafted  ice  in  which 
floes  thrust  “fingers”  alternately  over  and  un¬ 
der  the  other. 

8.2.2  Ridge:  A  line  or  wall  of  broken  ice  forced  up  by 
pressure.  May  be  fresh  or  weathered.  The  sub¬ 
merged  volume  of  broken  ice  under  a  ridge, 
forced  downwards  by  pressure,  is  termed  an  ice 
keel. 

8.2.2. 1  New  ridge:  Ridge  newly  formed  with  sharp 
peaks  and  slope  of  sides  usually  40°.  Frag¬ 
ments  are  visible  from  the  air  at  low  altitude. 

8.2.2.2  Weathered  ridge :  Ridge  with  peaks  slightly 
rounded  and  slope  of  sides  usually  30°  to  40°. 
Individual  fragments  are  not  discernible. 

8. 2. 2. 3  Very  weathered  ridge:  Ridge  with  tops  very 
rounded,  slope  of  sides  usually  20°-30°. 

8.2.2.4  Aged  ridge:  Ridge  which  has  undergone  con¬ 
siderable  weathering.  These  ridges  are  best 
described  as  undulations. 

8. 2. 2. 5  Consolidated  ridge:  A  ridge  in  which  the  base 
has  frozen  together. 

8.2.2. 6  Ridged  ice:  Ice  piled  haphazardly  one  piece 
over  another  in  the  form  of  ridges  or  walls. 
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Usually  found  in  first-year  ice  (cf.  ridging). 

8.2.2. 6.1  Ridged  ice  zone:  An  area  in  which  much 
ridged  ice  with  similar  characteristics  has 
formed. 

8.2.3  Hummock:  A  hillock  of  broken  ice  which  has 
been  forced  upwards  by  pressure.  May  be  fresh 
or  weathered.  The  submerged  volume  of  bro¬ 
ken  ice  under  the  hummock,  forced  down¬ 
wards  by  pressure,  is  termed  a  hummock. 

8.2.3. 1  Hummocked  ice:  Sea  ice  piled  haphazardly 
one  piece  over  another  to  form  an  uneven 
surface.  When  weathered,  has  the  appearance 
of  smooth  hillocks. 

8.3  Standing  floe:  A  separate  floe  standing  verti¬ 
cally  or  inclined  and  enclosed  by  rather  smooth 
ice. 

8.4  Ram:  An  underwater  ice  projection  from  an  ice 
wall,  ice  front,  iceberg  or  floe.  Its  formation  is 
usually  due  to  a  more  intensive  melting  and  ero¬ 
sion  of  the  unsubmerged  part. 

8.5  Bare  ice:  Ice  without  snow  cover. 

8.6  Snow-covered  ice:  Ice  covered  with  snow. 

8.6.1  Sastrugi:  Sharp,  irregular  ridges  formed  on  a 
snow  surface  by  wind  erosion  and  deposition. 
On  mobile  floating  ice  the  ridges  are  parallel 
to  the  direction  of  the  prevailing  wind  at  the 
time  they  were  formed. 

8.6.2  Snowdrift:  An  accumulation  of  wind-blown 
snow  deposited  in  the  lee  of  obstructions  or 
heaped  by  wind  eddies.  A  crescent-shaped 
snowdrift,  with  ends  pointing  down-wind,  is 
known  as  a  snow  barchan. 


9.  STAGES  OF  MELTING 

9.1  Puddle:  An  accumulation  on  ice  of  melt- water, 
mainly  due  to  melting  snow,  but  in  the  more  ad¬ 
vanced  stages  also  to  the  melting  of  ice.  Initial 
stage  consists  of  patches  of  melted  snow. 

9.2  Thaw  holes:  Vertical  holes  in  sea  ice  formed 
when  surface  puddles  melt  through  to  the  under¬ 
lying  water. 

9.3  Dried  ice:  Sea  ice  from  the  surface  of  which 


melt- water  has  disappeared  after  the  formation  of 
cracks  and  thaw  holes.  During  the  period  of  dry¬ 
ing,  the  surface  whitens. 

9.4  Rotten  ice:  Sea  ice  which  has  become  honey¬ 
combed  and  which  is  in  an  advanced  state  of  dis¬ 
integration. 

9.5  Flooded  ice:  Sea  ice  which  has  been  flooded  by 
melt-water  or  river  water  and  is  heavily  loaded 
by  water  and  wet  snow. 

10.  ICE  OF  LAND  ORIGIN 

10.1  Firn:  Old  snow  which  has  recrystallized  into  a 
dense  material.  Unlike  snow,  the  particles  are  to 
some  extent  joined  together;  but,  unlike  ice,  the 
air  spaces  in  it  still  connect  with  each  other. 

10.2  Glacier  ice:  Ice  in,  or  originating  from,  a  gla¬ 
cier,  whether  on  land  or  floating  on  the  sea  as 
icebergs,  bergy  bits  or  growlers. 

10.2.1  Glacier:  A  mass  of  snow  and  ice  continuously 
moving  from  higher  to  lower  ground  or,  if 
afloat,  continuously  spreading.  The  principal 
forms  of  glacier  are:  inland  ice  sheets,  ice 
shelves,  ice  streams,  ice  caps,  ice  piedmonts, 
cirque  glaciers  and  various  types  of  mountain 
(valley)  glaciers. 

10.2.2  Ice  wall:  An  ice  cliff  forming  the  seaward 
margin  of  a  glacier  that  is  not  afloat.  An  ice 
wall  is  aground,  the  rock  basement  being  at  or 
below  sea-level  (cf.  ice  front). 

10.2.3  Ice  stream:  Part  of  an  inland  ice  sheet  in  which 
the  ice  flows  more  rapidly  and  not  necessarily 
in  the  same  direction  as  the  surrounding  ice. 
The  margins  are  sometimes  clearly  marked  by 
a  change  in  direction  of  the  surface  slope  but 
may  be  indistinct. 

1 0.2.4  Glacier  tongue:  Projecting  seaward  extension 
of  a  glacier ,  usually  afloat.  In  the  Antarctic, 
glacier  tongues  may  extend  over  many  tens  of 
kilometres. 

10.3  Ice  shelf:  A  floating  ice  sheet  of  considerable 
thickness  showing  2-50  m  or  more  above  sea- 
level,  attached  to  the  coast.  Usually  of  great  hori¬ 
zontal  extent  and  with  a  level  or  gently  undulat¬ 
ing  surface.  Nourished  by  annual  snow 
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accumulation  and  often  also  by  the  seaward  ex¬ 
tension  of  land  glaciers.  Limited  areas  may  be 
aground.  The  seaward  edge  is  termed  an  ice  front 
(q.v.). 

10.3.1  Ice  front:  The  vertical  cliff  forming  the  sea¬ 
ward  face  of  an  ice  shelf  ox  other  floating  gla¬ 
cier  varying  in  height  from  2-50  m  or  more 
above  sea-level  (cf.  ice  wall). 

10.4  Calved  ice  of  land  origin 

10.4.1  Calving:  The  breaking  away  of  a  mass  of  ice 
from  an  ice  wall,  ice  front  or  iceberg. 

10.4.2  Iceberg:  A  massive  piece  of  ice  of  greatly  vary¬ 
ing  shape,  more  than  5  m  above  sea-level, 
which  has  broken  away  from  a  glacier,  and 
which  may  be  afloat  or  aground.  Icebergs  may 
be  described  as  tabular,  dome-shaped,  slop¬ 
ing,  pinnacled,  weathered  or  glacier  bergs. 

1 0.4.2. 1  Glacier  berg:  An  irregularly  shaped  iceberg. 

10.4.2.2  Tabular  berg:  A  flat-topped  iceberg.  Most 
tabular  bergs  form  by  calving  from  an  ice 
shelf  and  show  horizontal  banding  (cf.  ice 
island). 

10.4.2.3  Iceberg  tongue:  A  major  accumulation  of 
icebergs  projecting  from  the  coast,  held  in 
place  by  grounding  and  joined  together  by 
fast  ice. 

10.4.3  Ice  island:  A  large  piece  of  floating  ice,  about 
5  m  above  sea-level,  which  has  broken  away 
from  an  Arctic  ice  shelf,  having  a  thickness  of 
30-50  m  and  an  area  of  from  a  few  thousand 
square  metres  to  500  sq.  km  or  more,  and  usu¬ 
ally  characterized  by  a  regularly  undulating 
surface  which  gives  it  a  ribbed  appearance 
from  the  air. 

1 0.4.4  Bergy  bit:  A  large  piece  of  floating  glacier  ice , 
generally  showing  less  than  5  m  above  sea- 
level  but  more  than  1  m  and  normally  about 
100-300  sq.  m  in  area. 

1 0.4.5  Growler:  Smaller  piece  of  ice  than  a  bergy  bit 
or  floeberg ,  often  transparent  but  appearing 
green  or  almost  black  in  colour,  extending  less 
than  1  m  above  the  sea  surface  and  normally 
occupying  an  area  of  about  20  sq.  m. 


1 1 .  SKY  AND  AIR  INDICATIONS 

11.1  Water  sky:  Dark  streaks  on  the  underside  of  low 
clouds,  indicating  the  presence  of  water  features 
in  the  vicinity  of  sea  ice. 

11.2  Ice  blink:  A  whitish  glare  on  low  clouds  above 
an  accumulation  of  distant  ice. 

11.3  Frost  smoke:  Fog-like  clouds  due  to  contact  of 
cold  air  with  relatively  warm  water,  which  can 
appear  over  openings  in  the  ice,  or  leeward  of 
the  ice  edge ,  and  which  may  persist  while  ice  is 
forming. 

12.  TERMS  RELATING  TO  SURFACE  SHIPPING 

12.1  Beset:  Situation  of  a  vessel  surrounded  by  ice 
and  unable  to  move. 

12.2  Ice-bound:  A  harbour,  inlet,  etc.  is  said  to  be 
ice-bound  when  navigation  by  ships  is  prevented 
on  account  of  ice,  except  possibly  with  the  as¬ 
sistance  of  an  icebreaker. 

12.3  Nip:  Ice  is  said  to  nip  when  it  forcibly  presses 
against  a  ship.  A  vessel  so  caught,  though  un¬ 
damaged,  is  said  to  have  been  nipped. 

12.4  Ice  under  pressure:  Ice  in  which  deformation 
processes  are  actively  occurring  and  hence  a 
potential  impediment  or  danger  to  shipping. 

12.5  Difficult  area:  A  general  qualitative  expression 
to  indicate,  in  a  relative  manner,  that  the  sever¬ 
ity  of  ice  conditions  prevailing  in  an  area  is  such 
that  navigation  in  it  is  difficult. 

12.6  Easy  area:  A  general  qualitative  expression  to 
indicate,  in  a  relative  manner,  that  ice  conditions 
prevailing  in  an  area  are  such  that  navigation  in 
it  is  not  difficult. 

12.7  Iceport:  An  embayment  in  an  ice  front,  often  of 
a  temporary  nature,  where  ships  can  moor  along¬ 
side  and  unload  directly  onto  the  ice  shelf. 

13.  TERMS  RELATING  TO  SUBMARINE  NAVI¬ 
GATION 

13.1  Ice  canopy:  Pack  ice  from  the  point  of  view  of 
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the  submariner. 


of  the  ice  canopy ;  the  counterpart  of  a  hummock. 


13.2  Friendly  ice:  From  the  point  of  view  of  the  sub¬ 
mariner,  an  ice  canopy  containing  many  large 
skylights  or  other  features  which  permit  a  sub¬ 
marine  to  surface.  There  must  be  more  than  ten 
such  features  per  30  nautical  miles  (56  km)  along 
the  submarine’s  track. 

13.3  Hostile  ice:  From  the  point  of  view  of  the  sub¬ 
mariner,  an  ice  canopy  containing  no  large  sky¬ 
lights  or  other  features  which  permit  a  subma¬ 
rine  to  surface. 

13.4  Bummock:  From  the  point  of  view  of  the  subma¬ 
riner,  a  downward  projection  from  the  under-side 


13.5  Ice  keel:  From  the  point  of  view  of  the  submari¬ 
ner,  a  downward-projecting  ridge  on  the  under¬ 
side  of  the  ice  canopy ;  the  counterpart  of  a  ridge. 
Ice  keels  may  extend  as  much  as  50  m  below 
sea-level. 

13.6  Skylight:  From  the  point  of  view  of  the  subma¬ 
riner,  thin  places  in  the  ice  canopy ,  usually  less 
than  1  m  thick  and  appearing  from  below  as  rela¬ 
tively  light,  translucent  patches  in  dark  surround¬ 
ings.  The  under-surface  of  a  skylight  is  normally 
flat.  Skylights  are  called  large  if  big  enough  for 
a  submarine  to  attempt  to  surface  through  them 
(120  m),  or  small  if  not. 
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APPENDIX  B:  EXAMPLE  OF  A  COOK  INLET  ICE  COVER  ANALYSIS  IS¬ 
SUED  BY  THE  NATIONAL  ICE  CENTER  (NIC)  IN  SUITLAND,  MARYLAND 


The  oval  symbols  on  the  map  refer  to  the  World  Meteorological  Organiza¬ 
tion  system  of  sea  ice  classification,  also  known  as  the  “Egg  Code.”  The 
following  description  of  the  code  comes  from  a  NIC  web  site*. 


:http://www.natice.noaa.gov/Egg.htm 


Total  concentration 

The  total  concentration  (Q  is  re¬ 
ported  in  tenths  and  is  the  uppermost 
group.  Concentration  may  be  ex¬ 
pressed  as  a  single  number  or  as  a 
range,  not  to  exceed  two  tenths  (i.e., 
3-5,  5-7) 


Partial  concentrations 

Partial  concentrations  (Ca,  Cb,  Cc) 
are  also  reported  in  tenths,  but  must 
be  reported  as  a  single  digit.  These  are 
reported  in  order  of  decreasing  thick¬ 
ness.  That  is,  Ca  is  the  concentration 
of  the  thickness  ice  and  Cc  is  the  con¬ 
centration  of  the  thinnest  ice. 


Total  Concentration 
(can  be  a  range) 


/  Ca 

Cb 

Cc  \ 

l  sa 

sb 

Sc  1 

Fb 

V 

Partial  Concentrations 
(from  thickest  to  least  thick) 

Stage  of  Development 
(from  thickest  to  least  thick) 


>d 

\ 


Stage  of  Development 

(ice  thicker  than  Sa  but  less  than  1/1 0) 


Stage  of  Development 
(of  greater  remaining 
concentration) 

Floe  Size 


Stages  of  development 

Stages  of  development  (Sa,  Nb,  Sc,  S0 ,  Sd)  are  listed  using  the  following  code  in  de¬ 
creasing  order  of  thickness.  These  codes  are  directly  correlated  with  the  partial  concen¬ 
trations  above.  Ca  is  the  concentration  of  stage  Sa,  Cb  is  the  concentration  of  stage  £b,  and 
Cc  is  the  concentration  of  Sc.  S0  is  used  to  report  a  development  with  the  greatest  remain¬ 
ing  concentration  that  will  not  fit  into  the  egg.  If  all  partial  concentrations  equal  the  total 
concentration  and  there  is  an  Sd,  Sd  is  considered  to  be  present  in  a  trace  amount. 

The  following  codes  are  used  to  denote  stages  of  development  for  sea  ice: 


Stage  of  development 


Code  figure 


New  Ice-Frazil,  Grease,  Slush,  Shuga  (0-10  cm)  1 

Nilas,  Ice  Rind  (0-10  cm)  2 

Young  ( 1 0-3  0  cm)  3 

Gray  (10-15  cm)  4 

Gray- White  ( 1 5-3  0  cm)  5 

First  Year  (30-120  cm)  6 

First  Year  Thin  (30-70  cm)  7 

First  Year  Thin-  First  Stage  (30-70  cm)  8 

First  Year  Thin-  Second  Stage  (30-70  cm)  9 

Med  First  Year  (70-120  cm)  1 . 

Thick  F irst  Year  (>  1 20  cm)  4. 

Old- Survived  at  least  one  seasons  melt  (>2  m)  7. 

Second  Year  (>2  m)  8. 

Multi-Year  (>2  m)  9. 

Ice  of  Land  Origin  ▲ 
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The  following  codes  are  used  to  denote  stages  of  development  for  freshwater  ice: 


Stage  of  development 

Code  figure 

New  Ice  (0-5  cm) 

1 

Thin  Ice  (5-15  cm) 

4 

Medium  Ice  (15-30  cm) 

5 

Thick  Ice  (30-70  cm) 

7 

First  Stage  Thick  Ice  (30-50  cm) 

8 

Second  Stage  Thick  Ice  (50-cm) 

9 

Very  Thick  Ice  (70-120  cm) 

1. 

Forms  of  sea  ice 

Forms  of  sea  ice  (Fa,  Fb,  Fc)  indicate  the  floe  size  corresponding  to  the  stages  iden¬ 
tified  in  Sa,  Sb,  and  Sc,  respectively.  The  following  codes  are  used  to  denote  forms  of 
sea  ice: 


Forms  of  sea  ice 


Code  figure 


New  Ice  (0-10  cm)  X 

Pancake  Ice  (30  cm-3  m)  0 

Brash  Ice  (<2  m)  1 

Ice  Cake  (3-20  m)  2 

Small  Ice  Floe  (20-100  m)  3 

Medium  Ice  Floe  (100-500  m)  4 

Big  Ice  Floe  (500  m-2  km)  5 

Vast  Ice  Floe  (2-10  km)  6 

Giant  Ice  Floe  (>10  km)  7 

Fast  Ice  8 

Ice  of  Land  Origin  9 

Undetermined  or  Unknown 

(Iceberg,  Growlers,  Bergy  Bits)  / 

(Used  for  Fa,  Fb,  Fc  only) 


The  following  codes  are  used  to  denote  forms  of  sea  ice  for  freshwater  ice: 


Forms  of  sea  ice 


Code  figure 


Fast  Ice  8 

Belts  and  Strips 

symbol  followed  by  the  ~F 

concentration  of  ice 
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APPENDIX  C:  PROCEDURE  USED  TO  CREATE  THE  COMPOSITE  COOK 
INLET  ICE  CHARTS 


Three  time-series  map  sets  are  shown  in  Section  4.  The  first  set  of  maps  shows  the 
mean  ice  conditions  that  have  occurred,  based  on  arithmetic  averaging  of  the  digitized 
ice  concentration  and  stage  of  development  data  from  the  available  NWS  ice  charts 
from  December  1984  through  March  1 999.  The  second  and  third  sets  show  the  probability 
of  occurrence  for  two  specific  ice  conditions:  the  occurrence  of  any  marine  ice  at  all, 
and  the  occurrence  of  any  ice  type  having  at  least  5/10ths  concentration. 

We  developed  these  maps  in  the  following  manner.  We  transferred  the  microfiche 
records  to  digital  images  in  the  tagged  information  file  format  (*.tif  files)  and  then  used 
Arclnfo™  GIS  software  to  process  each  image  file.  The  images  were  georeferenced  to 
latitude  and  longitude  by  manual  identification  of  the  geodetic  coordinates  of  several 
image  pixels  onscreen.  We  then  used  Arclnfo’s  Registration  tool  to  calculate  the  rota¬ 
tion  and  translation  parameters  required  to  generate  a  new  image  file  that  was  refer¬ 
enced  to  the  geodetic  coordinate  space.  When  the  root  mean  square  of  the  transforma¬ 
tion  least-squares  residuals  achieved  an  order  of  magnitude  of  -3,  the  registration  was 
accepted.  Using  the  Rectification  tool,  we  applied  the  transformation  parameters  in 
creating  a  new  georectified  image.  We  then  placed  a  digitized  Cook  Inlet  coastline 
from  a  USGS  1 :250,000  quad  sheet  over  the  image  to  check  for  proper  image  registra¬ 
tion.  It  also  guided  the  technician  in  making  minor  spatial  corrections  from  the  regis¬ 
tered  image. 

The  technician  then  digitally  traced  the  chart’s  ice  features  onscreen,  establishing 
each  as  a  separate  and  unique  polygon,  which  was  linked  to  a  database  populated  with 
all  of  the  classification  attributes  assigned  by  the  NWS  forecaster.  Two  additional  data 
fields  were  filled  with  numerical  equivalents  by  the  GIS  technician — ice  concentration 
and  stage — which  enabled  statistical  calculations  for  these  attributes.  The  database  fields 
and  their  contents  are  as  follows: 


Poly_Label  The  letter  designation  for  each  polygon  that  was  assigned  by  the  NWS 
(e.g.,  A,  B,  C,  etc.). 

Rpt_Conc  The  ice  concentration  range  reported  by  the  NWS,  in  tenths  (e.g.  7-9). 

RptStage_x  The  various  ice  stages  of  development  reported  by  the  NWS.  Because 
several  types  may  be  assigned  to  a  single  polygon,  the  next  seven  fields 
(RptStage_l,  ...  RptStage_7)  are  available  to  be  filled  as  needed. 


Form  The  NWS  description  of  the  most  advanced  ice  type  for  the  polygon.  It 

may  be  shown,  for  example,  as  Brash,  Strips,  Pancake,  or  Nilas.  Because 
the  NWS  charts  were  inconsistent  with  respect  to  this  classification,  we 
did  not  use  this  value  in  our  analyses. 


Atlas_Stage  The  numerical  equivalent  assigned  by  the  GIS  technician  for  the  most 
advanced  stage  of  development  for  the  polygon.  It  is  a  numeric  field 
with  values  from  1  to  5,  with  the  more  mature  ice  assigned  a  higher 
value.  We  intended  the  value  to  be  a  conservative  estimate  of  navigation 
difficulty.  The  atlas  stage  codes  correspond  with  the  WMO  and  NWS 
codes  according  to  the  table  below. 
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Stages 


WMO 

Code  WMO  Abbrev. 


NWS  Ice  Classification 


Atlas  Stage 
Code 


New  Ice 
Nilas 
Young 
Gray 

Gray- White 

First  Year 

First  Year  Thin 

First  Year  Thin  (First  Stage) 

First  Year  Thin  (Second  Stage) 

Medium  First  Year 

Thick  First  Year 

Old 

Second  Year 

Multi-Year 

Ice  of  Land  Origin 


1 

N 

2 

N 

3 

YN 

4 

G 

5 

GW 

6 

FY 

7 

FL 

8 

FL 

9 

FL 

1. 

FM 

4. 

FT 

(does 

7. 

(does 

8. 

SY 

(does 

9. 

MY 

(does 

* 

(not  reported) 

N  1 

(not  reported) 

YNG  2 

(not  reported) 

(not  reported) 

FY  3 

FL  4 

(not  reported) 

(not  reported) 

FM  5 


not  occur  in  Cook  Inlet) 
not  occur  in  Cook  Inlet) 
not  occur  in  Cook  Inlet) 
not  occur  in  Cook  Inlet) 


Atlas_Conc  The  numerical  equivalent  assigned  by  the  GIS  technician  for  ice  con¬ 
centration.  We  rounded  the  mean  value  to  the  higher  integer  if  the 
reported  concentration  spanned  more  than  two  tenths. 

Date  The  date  of  the  NWS  ice  analysis  chart. 

Conf  The  confidence  level  assigned  by  the  NWS,  appearing  as  high,  moder¬ 

ate,  or  low,  which  was  based  on  the  quality  of  the  data  used  to  produce 
the  report.  This  rating  does  not  appear  on  every  chart,  but  when  it  did,  it 
was  recorded  in  this  field. 

The  next  phase  of  our  work  involved  changing  the  Arc  View  shape  files  to  a  Mercator 
projection  with  its  central  meridian  at  155°W  and  the  latitude  of  true  scale  at  60°N.  We 
used  Arc  View’s  Spatial  Analyst  extension  to  convert  the  themes  to  Arclnfo  grids  repre¬ 
senting  our  atlas  concentrations  and  stages.  We  organized  the  grid  sets  into  half-month 
groupings,  with  the  1st  to  15th  of  each  month  comprising  the  first  half,  and  the  16th  to 
the  end  of  the  month  making  up  the  second  half. 

In  our  third  phase  we  performed  the  statistical  calculations  and  created  composite 
summary  maps  for  each  half-month  period.  Weighting  all  available  grid  sets  equally  for 
each  half-month  period,  we  calculated  the  mean  and  standard  deviation  values  of  stage 
and  concentration  in  every  grid  cell.  This  was  done  using  Arclnfo’s  Map  Algebra  Tools. 
We  reclassified  the  resulting  values  into  integers  according  to  the  following  schemes 
(where  V  =  cell  value). 
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Concentration  Reclassification  Scheme: 

Stage  Reclassification  Scheme: 

IfV< 

;  0.5,  then  V  =  0 

IfV< 

:  0.25,  then  V  =  0 

If  0.5 

<V<  1.5, 

then  V  = 

i 

If  0.25  <  V  <  1.5,  then  V : 

=  1 

If  1.5 

<  V  <  2.5, 

then  V  = 

2 

If  1.5 

<  V  <  2.5,  then  V  = 

2 

If  2.5 

<  V  <  3.5, 

then  V  = 

3 

If  2.5 

<  V  <  3.5,  then  V  = 

3 

If  3.5 

<  V  <  4.5, 

then  V  = 

4 

If  3.5 

<  V  <  4.5,  then  V  = 

4 

If  4.5 

<  V  <  5.5, 

then  V  = 

5 

If  4.5 

<  V,  then  V  =  5 

If  5.5 

<  V  <  6.5, 

then  V  = 

6 

If  6.5 

<  V  <  7.5, 

then  V  = 

7 

If  7.5 

<  V  <  8.5, 

then  V  = 

8 

If  8.5 

<  V  <  9.5, 

then  V  = 

9 

If  9.5 

<  V,  then  V  =  10 

We  used  Arc  View’s  Spatial  Analyst  extension  to  convert  the  grid  data  sets  into  vec¬ 
tor  polygon  representations  and  to  consolidate  contiguous  cells  with  the  same  value 
into  a  single  polygon.  This  step  was  done  separately  for  both  the  concentration  values 
and  the  stage  values.  Finally,  we  hand-edited  on  screen  to  smooth  the  polygon  shapes 
and  to  consolidate  orphaned  polygon  fragments. 

Probability  distribution  ranges  were  determined  for  1)  any  occurrence  of  ice  and  2) 
ice  of  at  least  5/10ths  concentration  (Map  Sets  2  and  3,  respectively).  The  calculations 
were  accomplished  using  the  map  algebra  tools  of  Arclnfo  Grid.  Grids  for  each  two- 
week  period  were  reclassified  to  create  a  set  of  binary  grids  for  any  ice  and  a  set  for 
5/10ths  or  greater.  Cell  values  were  then  calculated  for  the  percent  occurrence  for  the 
selected  condition  for  each  respective  two-week  period  from: 


N 

GP  =  L 


i=\ 


N 


where  Gp  =  percent  probability  grid  for  the  two-week  period 

Gx  =  selected  condition  individual  two-week  binary  grid 
N  =  total  number  of  grids  for  the  two-week  period. 

The  grid  for  the  two-week  period,  Gp,  was  reclassified  according  to  the  following 
scheme: 

0<  F<0.01 
0.01  <  V <25 
25  <  F<  50 
50  <  F<  75 
75  <  V  <  100. 

This  produced  a  grid  that  depicted  probabilities  stratified  at  25%  intervals.  This  entire 
procedure  is  diagrammed  in  Figure  Cl. 
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Figure  Cl.  Cook  Inlet  Ice  GIS  Analysis  Process 


APPENDIX  D:  AIR  TEMPERATURE 


The  graphs  shown  on  the  following  pages  represent  the  air  temperature  regimes  at 
Anchorage,  Kenai,  Homer,  and  Kodiak,  Alaska,  for  each  month  of  the  year.  The  data 
were  assembled  and  summarized  specifically  for  this  project  by  the  Air  Force  Combat 
Climatology  Center  as  described  in  Section  6.1  (Source  and  Description  of  Climato¬ 
logical  Data  for  Cook  Inlet).  The  first  graph  shown  for  each  month  is  a  cumulative 
percent  frequency  distribution  of  air  temperatures  equal  to  or  less  than  the  temperature 
shown  on  the  horizontal  axis  for  all  observations  throughout  the  period  of  record,  Jan. 
1973-Dec.  1997  (except  Jan.  1973-Oct.  1997  for  Homer).  The  values  in  the  upper  left 
comer  of  the  graph  are  the  POR  extreme  maximum  and  minimum  air  temperatures,  the 
mean  monthly  maximum  and  minimum  temperatures,  and  the  total  number  of  observa¬ 
tions  comprising  that  month’s  distribution  of  temperatures.  The  second  graph  (in  bar- 
chart  form)  shows  the  mean  air  temperature  associated  with  winds  from  each  compass 
direction  and  for  calm  winds. 
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APPENDIX  E:  WIND 


The  wind  speed  and  wind  direction  regimes  for  Anchorage,  Kenai,  Homer,  and 
Kodiak,  Alaska,  are  shown.  These  data  were  assembled  and  summarized  specifically 
for  this  project  by  the  Air  Force  Combat  Climatology  Center  as  described  in  Section 
6. 1  (Source  and  Description  of  Climatological  Data  for  Cook  Inlet)  from  hourly  obser¬ 
vations  of  the  mean  wind  speed  for  the  period  of  record  Jan.  1973-Dec.  1997  (except 
Jan.  1973-Oct.  1997  for  Homer).  Gust  winds  are  not  included  (when  gust  winds  were 
included,  the  mean  wind  speeds  increased  approximately  5%  at  Anchorage,  Homer, 
and  Kenai  and  1 1%  at  Kodiak).  The  graphs  on  the  left  side  of  the  page  show  the  cumu¬ 
lative  frequency  distribution  (line)  with  respect  to  wind  speed  and  the  distribution  of 
individual  speed  categories  (bars),  in  5-knot  increments  (0-4,  5-9,  10-14  knots,  etc). 
The  monthly  summary  statistics  are  shown  in  the  upper  right  comer  of  the  plots.  The 
graphs  on  the  right  are  “wind  roses”  showing  the  frequency  occurrence  of  winds  from 
each  direction  of  the  compass.  The  length  of  the  line  radiating  from  the  center  circle 
corresponds  to  how  frequently  (in  percent  of  all  observations)  the  wind  originates  from 
that  particular  direction.  The  values  on  the  perimeter  of  the  outer  circle  are  the  mean 
speeds  of  the  winds  from  the  indicated  direction. 
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40%,  respectively.  In  this  case,  32%  of 
all  recorded  winds  were  from  the  north. 
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APPENDIX  F:  WIND  CHILL 


Wind  chill  is  a  term  that  is  used  to  describe  the  rate  of  heat  loss  from  exposed  skin 
caused  by  the  combined  effects  of  wind  and  temperature.  If  there  is  no  wind,  heat 
emanating  from  an  object  will  remain  near  the  object  and  warm  the  air  around  it,  thus 
providing  a  measure  of  insulation  that  inhibits  further  cooling.  Air  movement,  though, 
will  conduct  heat  away  from  the  warm  object,  a  process  known  as  advection.  As  the 
wind  speed  increases,  heat  is  advected  away  more  quickly,  resulting  in  more  rapid 
cooling  of  the  object.  The  wind  chill  temperature  is  a  calculated  temperature  that  pro¬ 
vides  a  better  indication  of  the  cooling  capacity  of  the  wind  in  conjunction  with  low 
temperatures.  It  was  originally  based  on  the  length  of  time  required  for  a  container  of 
near-freezing  water  to  become  frozen  under  various  combinations  of  wind  and  tem¬ 
perature.  The  wind-chill  temperature  is  equal  to  the  dry  bulb  temperature  that  is  re¬ 
quired  to  cool  the  object  at  the  same  rate  as  if  there  were  no  ambient  air  movement. 

The  concept  was  first  quantified  in  1941  by  Paul  Siple,  an  Army  major  and  geogra¬ 
pher,  and  Charles  Passel,  a  geologist,  while  stationed  at  Little  America,  Antarctica. 
Their  experiments  were  based  on  the  time  required  to  freeze  a  known  volume  of  water 
under  various  combinations  of  temperature  and  wind  speed  during  the  winter  darkness 
of  Antarctic.  Since  the  publication  of  their  results  (Siple  and  Passel  1945),  the  concept 
of  an  equivalent  wind  chill  temperature  has  enjoyed  widespread  use  as  a  means  of 
describing  the  combined  severity  of  the  wind  and  low  temperatures  on  human  beings. 
In  the  years  since,  several  individuals  have  suggested  improvements  to  the  Siple  and 
Passel  model.  Their  criticism  stems  from  the  fact  that  cylinders  of  water  are  not  life¬ 
like  because  they  have  no  metabolic  heat  source  as  does  the  human  body  and  were  not 
clothed  as  a  human  would  be.  As  such,  cylinders  of  water  will  freeze  faster  than  flesh, 
so  the  original  heat-loss  relationship  underestimates  the  time  of  freezing  and  accord¬ 
ingly  overestimates  the  chilling  effect  of  the  wind. 

The  model  in  current  use  by  the  National  Weather  Service  (Quayle  and  Steadman 
1998)  is 

WC  =  0.0817  (3.71  V °-5  +  5.81  -  0.25  V)  (T -  91.4)  +  91.4  (FI) 

where  WC  =  equivalent  wind-chill  temperature 

V  =  wind  speed  (statute  mph) 

T  =  temperature  (°F) 

or 

WC  =  0.045(5.27  V °-5  +  10.45  -  0.28  V)  ( T -  33)  +  33  (F2) 

where  WC  =  wind-chill  temperature 

V  =  wind  speed  (km/h) 

T=  temperature  (°C). 

These  formulas  are  only  valid  for  wind  speeds  ranging  from  4  to  40  mph  (6.4  to  64  km/ 
hr).  Increasing  wind  speed  will  not  cause  an  exposed  object  to  be  colder  than  ambient 
temperature.  The  object  will  achieve  a  temperature  equal  to  ambient,  and  higher  wind 
speeds  will  only  cause  the  ambient  temperature  to  be  achieved  more  quickly.  Table  FI 
shows  equivalent  wind  chill  temperatures  in  both  English  and  metric  units. 
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Table  FI.  Equivalent  wind  chill  temperature. 
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Notes: 

The  wind  chill  formula  is  not  valid  for  wind  speeds  of  4  mph  and  less. 

Wind  speeds  greater  than  40  mph  have  little  additional  cooling  effect. 

Due  to  rounding,  values  may  vary  slightly  from  those  shown  in  other  wind  chill 
charts. 

Source:  National  Weather  Service. 
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APPENDIX  G:  SEA  LEVEL  PRESSURE 


Sea  level  pressure  statistics  for  Anchorage,  Kenai,  Homer,  and  Kodiak,  Alaska,  are 
presented.  The  data  were  assembled  and  summarized  specifically  for  this  project  by  the 
Air  Force  Combat  Climatology  Center  as  described  in  Section  6.1  (Source  and  De¬ 
scription  of  Climatological  Data  for  Cook  Inlet)  from  hourly  observations  of  the  sea 
level  pressure  for  Jan.  1973-Dec.  1997  (except  Jan.  1973-Oct.  1997  for  Homer).  The 
graphs  on  the  left  of  the  page  represent  cumulative  percent  frequency  distribution  curves 
for  each  month  of  the  year.  The  values  listed  in  the  upper  left  comer  of  each  graph  are 
the  extreme  maximum  and  minimum  pressures,  the  mean  monthly  maximum  and  mini¬ 
mum  pressures,  and  the  total  number  of  observations  for  the  period  of  record.  The 
second  graph  (in  bar-chart  form)  shows  the  frequency  distribution  of  sea  level  pressure 
observations  and  the  mean  pressure  associated  with  winds  from  each  compass  direc¬ 
tion  and  for  calm  winds. 
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